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ABSTRACT
Industry and the military are always looking for ways to stretch their dollar. One 
way to do this is to make the equipment they currently own last longer in lieu of buying 
new. For example, many of the aircraft in the USAF have gone beyond their expected 
service life and over that time have experienced changes in usage. In order for the 
USAF, or others in the aviation industry, to make their aircraft last longer, they must 
understand how the changes in usage affect their aircraft.
The purpose of this study was to determine the sensitivity of a representative 
stainless steel specimen to two different load spectra, spectrum A and spectrum B. This 
was accomplished by conducting fatigue experiments, baselines for each spectrum and 
three different combinations of the two spectra, performing fractographic examinations of 
the fracture surfaces and developing computer simulations, using AFGROW, to represent 
test data. The results showed that crack growth under spectrum B type loading 
conditions was significantly slower than under spectrum A. The fractography showed 
clear distinctions between the spectra fracture surfaces. Also, AFGROW simulations 
were successful in replicating test data. These results emphasize the need for continual 
monitoring of fatigue critical locations to better maintain aircraft.
I would like to dedicate this work to my wife Joni, our 
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1.1 Extended Service Life Aircraft 
Few players have as critical of a role in the defense strategy of the United States, 
and many other countries for that matter, and world transportation as the aerospace 
industry. Having said that, it is extremely expensive to buy and maintain aircraft. 
According to Boeing’s website, a new 737 MAX 9 will cost a buyer upwards of $109.9 
million in 2013 dollars. [1] A new 777-300ER will cost a buyer a staggering $320.2 
million in 2013 dollars. [1] On the military side, the unit cost for just one F-16C/D 
model is $18.8 million in 1998 dollars. [2] Those figures don’t even reflect the cost of 
maintaining each of those aircraft. Due to the large amounts of money involved, industry 
and the military look for ways to reduce cost.
When faced with the decision to buy expensive new aircraft or maintain what they 
have, industry and the government often resort to the latter. Some examples of extended 
service life aircraft can be seen in the United States military. The Air Force has extended 
the service life of the A-10 Thunderbolt II and the B-52 Stratofortress, as just a couple of 
examples. The A-10 had an initial service life of 6,000 hours and was due to retire in 
Fiscal Year (FY) 2005. [3] The Air Force, after several upgrades, has now extended the
2service life of the A-10 to FY 2028. [3] The B-52 is slated to be in service beyond 2040, 
equating to approximately 90 years of military service. [4]
From an engineering standpoint, several obstacles are encountered when 
attempting to extend an aircraft’s life beyond that for which it was originally designed. 
Some of these obstacles include corrosion, wear and fatigue. Fatigue is a particular 
concern to the aviation industry due to the fatigue-prone conditions. According to ASTM 
E1823, which is the standard for terminology relating to fatigue and fracture testing, 
fatigue is:
The process of progressive localized permanent structural change occurring in a 
material subjected to conditions that produce fluctuating stresses and strains at 
some point or points and that may culminate in cracks or complete fracture after a 
sufficient number of fluctuations. [5, p. 8]
An added obstacle develops when the usage of the aircraft changes over time. In order to 
protect against the effects of fatigue on aircraft, designers and maintainers develop 
philosophies of how to maintain their integrity over time. The current philosophy being 
used today by several aircraft industries is the Damage Tolerant Design Philosophy.
1.2 Damage Tolerant Design Philosophy 
Several design philosophies, used to protect against fatigue, have been developed 
over the years, but the one currently used today by many in the aviation industry is the 
Damage Tolerant Design philosophy. Starting in the late 70s, the USAF began to use the 
Damage Tolerant Design Philosophy to sustain their fleet of aircraft. [6] According to 
MIL-STD-1530, the specification for standard practice of aircraft structural integrity 
programs, damage tolerance is:
3the attribute of a structure that permits it to retain its required residual strength for 
a period of unrepaired usage after structure has sustained specific levels of 
fatigue, corrosion, accidental, and/or discrete source damage. [7, p. 5]
Damage tolerance relies heavily on fracture mechanics concepts, namely, fatigue crack 
growth, residual strength as well as nondestructive inspections (NDI), to help manage the 
remaining life in an aircraft’s structure.
Damage Tolerant Designs assume that initially, there is some discontinuity in a 
given material, new or old, used in the aircraft’s structure. [6] Often these discontinuities 
become origination sites for crack development. [6] It is the objective of the Damage 
Tolerant Design concept to not allow these discontinuities to develop into cracks, by 
means of fatigue, that reach a critical length resulting in unstable crack growth and 
failure. [7] The following sections explain in greater detail the role of fatigue crack 
growth, residual strength and NDI techniques in the Damage Tolerant Design philosophy.
1.2.1 Fatigue Crack Growth
As was mentioned previously, the Damage Tolerant Philosophy begins with
assuming that there exists some discontinuity in the material from which a crack may
developed when subjected to some type of loading. Records collected by the USAF have
shown that the primary reasons that cracks grow in their aircraft are due to fatigue, stress
corrosion and corrosion-fatigue mechanisms. [6] According to the USAF Damage
Tolerance Design Handbook, when referring to flaws in the aircraft structure:
The safety of the aircraft is dependent on their initial sizes, the rates of growth 
with service usage, the critical flaw sizes, the inspectability of the structure, and 
the fracture containment capabilities of the basic structural design. [6, p. 1.2.1]
This reference also states that:
4it is essential that safety of flight be provided through the consideration of an 
“initial flaw” model in which some size of initial damage is assumed to exist 
consistent with the inspection capability either in the field or during manufacture. 
[6, p. 1.2.1]
Those models, to which the Damage Tolerant Handbook is referring, are developed 
through a process of fatigue testing and developing crack growth simulations that 
replicate the results of the tests.
Today, the aviation industry and the military develop fatigue life models using 
crack growth modeling programs. An example of a crack growth modeling program that 
the USAF uses is AFGROW. These programs can be used for a wide variety of 
structures as they are typically not system, or aircraft, specific. The results from the tests 
and analyses allow users to approximate crack growth rates and critical flaw sizes. These 
data are then used to determine appropriate inspection intervals and the resulting 
component life expectancy. Fig. 1 is an example of a plot displaying a typical crack 
growth curve. In order to develop a model that can accurately predict what is actually 
occurring on the aircraft, one must understand the loading conditions that are occurring 
on the aircraft.
1.2.1.1 Load History
There are primarily two types of loading conditions used for fatigue tests. One 
type of loading is known as constant amplitude loading. According to ASTM E1823, 
constant amplitude loading is, “a loading (straining) in which all of the peak forces 
(strains) are equal and all of the valley forces (strains) are equal.” [5, p. 4] This type of 
loading is used often for developing material properties, but it is not appropriate for 
characterizing how a material will behave on an aircraft due to the fact that the loading
5TYPICAL CRACK GROWTH CURVE
Figure 1 Typical Fatigue Crack Growth Curve used for Damage Tolerance Analysis
conditions are not constant.
The other type of loading used in fatigue experiments is known as spectrum 
loading, variable amplitude loading or irregular loading. [5] The ASTM E1823 definition 
for spectrum loading simply states that it is, “a force-time program consisting of some (or 
all) unequal peak and valley forces.” [5, p. 16] If one can obtain the load history of a 
location on an aircraft, a loading spectrum can be developed. These data are then entered 
into a fatigue machine program and used to run an accelerated fatigue test. The results o f 
these tests, if  done correctly, will give a more accurate representation than the constant 
amplitude test of how a material will perform on an aircraft, or any other product for that 
matter.
1.2.1.2 Aircraft Spectrum Development
Different methodologies can be used to obtain loading data for different locations 
on an aircraft. The type of measurement method used will be determined by the loading 
conditions. The fatigue testing conducted for this study used measurements from the 
Individual Aircraft Tracking Program (IATP) for military aircraft. [8] This program 
recorded acceleration changes while the aircraft were in flight using a counting 
accelerometer. [9] Those changes in acceleration can be used to derive loading 
conditions at various points in the aircraft. The point chosen for this study was picked 
due to the severity of the loading conditions and the fact that the material in that location 
is 17-7PH stainless steel, about which little data has been gathered for this particular 
aircraft. One of the desired outcomes of this study was to determine how the stainless 
steel material would behave under the two spectra. A similar study, performed in 
conjunction with this one, was also conducted using 2024-T351 aluminum. [10]
The data obtained from the IATP system were converted into loads compiled, 
using a methodology called cycle counting in such a manner that showed the number of 
times load levels were exceeded during a given period of time. An example of an 
exceedance curve, which is a graphical representation of loads and occurrences, is shown 
in Fig. 2. Once its known how many times different loads should be represented in the 
spectrum, a randomized base-peak-base sequence of loads is developed.
Over the years that the IATP system had been in use, it was noticed that the usage 
of the aircraft had changed significantly. With this new information, it was determined 
that several spectra would need to be developed to represent the different usage periods. 
For the purposes of this study, two different spectra were compared and were given the
6
70
Nz -  Normal Load Factor 
Figure 2 Example of an Exceedance Curve [11]
simple designations of A and B. Spectrum A represents usage observed during most of 
the 90s while Spectrum B represents usage observed from the early 2000s to the present 
day. The spectra were then compiled into data files that could be used in a fatigue 
machine and crack growth analysis program.
1.2.2 Residual Strength 
Residual strength is, “the maximum value of the gross stress, neglecting the area 
of the crack, that a cracked specimen is capable of sustaining.” [5, p. 15] Hence, as the
crack increases in length, the residual strength of the specimen decreases. The residual 
strength of the specimen can be determined using Linear Elastic Fracture Mechanics 
(LEFM).
Beginning in the 19th century, with the advent of the Industrial Revolution, a 
dramatic increase in the use of metals for structural purposes occurred. [12] With the 
dramatic increase in metal usage, there came an increase in the number of failures due to 
fracture. In 1920, a researcher by the name of Alan Arnold Giffith came up with a 
successful method to analyze crack propagation in brittle structures, i.e., glass. [12] His 
research involved relating the elastic strain energy with the surface energy of a system. 
In other words, he determined that crack extension occurs when the elastic strain energy 
available is larger than the available surface energy. [12] This research, which Griffith 
developed, became the foundation for future Fracture Mechanics studies. In the late 
1940s, Irwin suggested that, “the Griffith theory for ideally brittle materials could be 
modified and applied to both brittle materials and metals that exhibit plastic 
deformation.” [12, p. 12] Similar to Griffiths approach, Irwin recognized that, “a 
material’s resistance to crack extension is determined by the sum of the surface energy 
and the plastic strain work.” [12, p. 12] Irwin’s approach is now known as stress 
intensity and is given by the following equation. [12]
K = a ^ n a fi
K is the stress intensity factor, o is the far field stress, a is the crack length and P is the 
geometry correction factor. This equation suggests that crack extension will occur when 
K is at a critical value. [12] In order to use the stress intensity approach, one must know
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9if a crack is present and its size in the structure. Today, NDI methods are used to help 
make those determinations.
1.2.3 Nondestructive Inspections 
As was mentioned previously, it is assumed that all materials have some 
discontinuity in them that can eventually produce a crack by means of fatigue. Thus, 
those in the aviation industry on a routine basis inspect aircraft on a predetermined 
interval to assess if any damage is detectable and to what extent. In order to save money, 
these inspection methods need to leave the component intact so that it can be reused or 
repaired, if  the damage is not too severe. Some typical types of inspections that are used 
today are liquid penetrants, eddy current, x-ray and ultrasonic. If damage is detected 
using one of these NDI methods, the remaining life can be determined from fatigue crack 
growth data generated for that specific component.
1.3 Previous Research 
As was explained earlier, the beginnings of fracture mechanics began in the 
1920s. In the time since then, it has been observed that crack growth behavior is 
dependent on several factors, such as material properties, type of structure, environmental 
conditions and loading conditions. [13] The one factor of particular interest in this study 
is the effect of loading conditions. Many tests over the years have been conducted to 
better understand how overloads and underloads affect the fatigue life of a component.
1.3.1 Overload and Underload Affects 
In constant amplitude loading, the max and min loads remain constant over the 
duration of the test. The simplest form of an overload event occurs when at least one 
cycle exceeds the typical max value of a constant amplitude test. One would probably at 
first conclude that such an event would decrease the fatigue life of the item when in 
reality, the opposite is usually true. This phenomenon is referred to as retardation of the 
crack growth rate.
In an article written by P.J. Bernard, T. C. Lindley and C.E. Richards, they 
reported on experiments of two types of steel, Ducol W30B and FV520B. [14] The main 
differences between the two materials were yield strength and strain hardening. [14] 
Ducol has a yield strength of 366 MNm" (53.1 ksi) and a percent elongation of 38 while 
FV520B has a yield strength of 940 MNm-2 (136.3 ksi) and a percent elongation of 20. 
[14] The results of the tests showed that FV520B experienced a sharp decrease in the 
crack growth rate immediately following the overload. [14] Ducol also experienced a 
decrease in the crack growth rate following the overload event with the difference being 
that the transition to the slower rate was more gradual. [14] In both cases, the crack 
continued to grow at the slower rate for a period of time then reverted back to the original 
crack growth rates. [14] It was also observed that in order for the overload to have any 
effect on the fatigue life, it had to exceed a limit, which the authors determined to be in 
the range of a 40 to 60 percent load increase. [14]
Another article by W.X. Alzos, A.C. Skat, Jr. and B.M. Hillberry reported on the 
effects of overloads preceded and followed by underloads. [15] The material used in 
these experiments was 2024-T3 aluminum. [15] The tests were conducted such that the 
underload followed the overload at varying stress ratios of overload and underload
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events. These tests showed that the more negative the stress ratio, the greater the 
reduction of the retardation effect. [15] This same study also showed that when the 
underload preceded the overload, the result was the same as a test conducted with only 
overloads. [15] Similar results were seen in a study conducted by R.I Stephens, D.K. 
Chen and B.W. Hom. [16] Over the years, it has been observed that in order to more 
accurately determine how a material will behave under real life conditions, methods had 
to be developed to study more complex loading conditions.
1.3.2 Variable Amplitude Load Affects 
With the aid of computer-controlled fatigue testing, researchers have been able to 
test materials using complex loading scenarios that represent actual operational 
conditions. In a study by J.A. Reiman, M.A. Landy and M.P. Kaplan, they conducted 
tests using several different types of loading to determine the effect on fatigue life. [17] 
The results of the study showed that spectrum or flight-by-flight type loading conditions 
were more accurate in representing field data than previous methods relying on constant 
amplitude data. [17]. Similar results were also seen in a study by W. Zhuang, S. Barter 
and L. Molent where they assessed the effects of flight-by-flight fatigue conditions. [18] 
They studied a variety of metals used on the F/A-18 using a spectrum developed for that 
aircraft. [18]
Various explanations have been given over the years as to why the differences in 
crack growth rates occur under variable amplitude loading. The crack growth rate has 
been shown to be a function of the amount of cracking, crack front orientation, crack tip 
blunting, crack closure, strain hardening, environment, frequency and magnitude of the 
loads on a given material. [13] All of these interaction effects make modeling crack
11
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growth behavior extremely difficult. Thus, most often experimental results are used to 
validate analytical predictions.
1.3.3 Crack Growth Prediction Methods 
Numerous interaction effects make predicting how a crack will behave under 
variable amplitude loading a difficult venture. In spite of the many difficulties present, 
many have worked extensively to develop representative models o f  crack growth 
behavior. In a report by S.U. Khan, R.C. Alderliesten, J. Schijve and R. Benedictus, they 
explain the differences between several prediction methods and how they are categorized. 
[19] One of the categories explained in the report is labeled as Interaction Effects.
1.3.3.1 Interaction Effect Models
A long history of experiments has shown that interaction effects occur when a 
material is subjected to variable amplitude loading. [19] Variable amplitude testing alters 
the conditions at the crack tip, which in turn alters the crack growth rate. Many 
experiments have been conducted to determine what the interaction effects are and how 
to model them. Studies indicated that Yield Zone and Crack Closure models were 
typically used to characterize crack growth in materials similar to that used in this study. 
AFGROW was used in this study to determine which retardation model, if  any, would 
best represent test data.
1.3.3.1.1 Yield Zone Models
In fracture mechanics, it is known that the material in front o f  the crack tip 
experiences stresses beyond the yield point and creates a plastically deformed zone. It is
thought that large loads produce a large “yield zone” that when followed by smaller loads 
retards crack growth. Wheeler and Willenborg were the first researchers to model crack 
growth behavior using this type of interaction effect. [19] In a study conducted by S. 
Kalnaus, F. Fan, Y. Jiang and A.K. Vasudevan, they investigated fatigue crack growth of 
304L Stainless Steel. [20] In their experiments, they used 304L round compact tension 
specimens under various Mode I loading conditions. [20] In the analysis portion of the 
experiment, they used a modified Wheeler’s model to simulate the test data. [20] 
Another study conducted by Southwest Research Institute (SwRI) evaluated several 
materials, including 17-7PH, and modeled the results using the Willenborg Retardation 
Model to derive differences in SOLR values. [21] In a paper written by J. Willenborg, R. 
M. Engle and H. A. Wood, they describe how the retardation model, which would later 
be named after Willenborg, compared well with experimental data for D6AC steel. [22]
1.3.3.1.2 Crack Closure Models
Crack closure is a phenomenon that, like the Yield Zone models, involves the 
plastic zone created from the crack, but in a different light. It is thought that the large 
plastic zone contains compressive residual stresses that resists opening of the crack when 
a tensile load is applied. [19] Thus, it has been observed that a crack will not open as 
soon as a load is applied, but only when the load is sufficiently high to overcome the 
residual compressive stresses. [19] Elber was the first to observe and attempt to model 
this phenomenon. [19] In the study mentioned earlier, by W. Zhuang and his colleagues, 
they mention using crack closure models to simulate the data they gathered from their 
tests. [18]
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1.4 Scope of This Research
This study differed from others in that it compared the effects of two different 
usage periods of a type of aircraft over time. To conduct this experiment, simplified test 
specimens, known as corner crack at a hole specimens, were fabricated out of the same 
material used in the location of concern. The tests were conducted such that each 
spectrum would be run individually to develop spectrum baselines. Running in 
conjunction with the baseline tests, three combinations of the spectra were then applied 
by running the first spectrum until the crack grew to certain lengths, at which point the 
second spectrum was then applied. The three different combinations, explained in greater 
detail in Chapter 2, were conducted to give the user a representative range of aircraft 
usage and to see how the different crack lengths might affect the results.
After the testing was completed, the specimens were subject to a fractographic 
examination. The purpose of this inspection was to verify initial flaw sizes, when the 
transitions of spectra occurred and to note any distinct features the spectra create on the 
fracture surface. [8]
The last critical portion of this research was to use the crack growth modeling 
program, AFGROW, to make analytical predictions of the crack growth under the 
different spectra. This was done using a standard center hole model with a corner crack, 
which was representative of the test specimens.
1.5 Goals of This Research
The main objective of this study was to better understand the sensitivity of 17­
7PH to the different, consecutive, spectra. The crack growth curves, fractographic
14
examinations and AFGROW models provide critical information to the engineers 
supporting the aircraft. Knowing the differences between the two spectra allows 
engineers to know what changes to maintenance practices, repair procedures and 
inspection intervals may be available to them in order to optimize overall lifecycle 
management. These changes in return will reduce costs over the life o f  the aircraft in the 
form o f potentially reducing maintenance and preserving the integrity o f  the aircraft.
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CHAPTER 2
TESTING SETUP AND PROCEDURES
2.1 Test Specimen Specifications
2.1.1 Specimen Material 
The specimens used in this experiment were meant to be representative of 
longeron straps on a military aircraft. These straps are made from 17-7PH stainless steel 
per specification AMS 5528 heat treated to the TH1100 condition. The material 
composition for 17-7PH stainless steel can be seen in Table 1. Material properties for 
this material were verified by Northrop Grumman and the results of that testing can be 
seen in Table 2. 17-7PH stainless steel is a semi-austenitic stainless steel used where 
high strength and corrosion resistance are needed, characteristics required for aerospace 
applications. [23]











Table 2 Material Properties of 17-7PH TH1100 Stainless Steel. Data from [25]
Properties Tensile Strength (ksi) Yield Strength (ksi) % Elongation
Avg. 168.9 156.8 12.5
2.1.2 Test Specimen Fabrication
These particular test specimens were simplified for ease o f testing and to meet 
several of the recommendations of ASTM E 647, a standard for testing methods to 
determine fatigue crack growth rates. The test specimens, on average, measured 16 
inches in length, 4 inches wide and 0.125 inches thick with a 0.157 inch center hole. 
Located along the centerline o f  the hole and 90 degrees to the load path was a notch that 
served as a crack starter. GT270KB003 is the drawing for the test specimens and is 
shown in Fig. 3. The certification sheets detailing the manufacturing and testing of the 
specimen material can be seen in Appendix A. The specimens were provided by 
Northrop Grumman.
The specimens were all manufactured from sheets of the same heat treatment lot 
with the grains running in the longitudinal direction of the specimens. Making all the 
specimens in this manner reduces variability in the testing. After the test specimens were 
heat treated and fabricated, they were shot peened on both ends to reduce the risk o f 
fatigue cracks growing near the fatigue machine grips. The final step in fabricating the 
test specimens was to machine a notch in the bore perpendicular to the load path. This 
was done using an electrical discharge machining (EDM) process. See Fig. 4 for a cross­
sectional view of the machined notch. In total, 33 test specimens were delivered, 15 for 
the test and 6 spares with the remaining 12 to be used for another program.
Figure 3 Test Specimen Drawing GT270KB003 [8] 18
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Figure 4 Cross-Sectional View of the EDM Notch in the Center Hole
2.2 Test Specimen Polishing 
The specimens were delivered in an as-machined surface finish state. This finish 
made seeing and measuring the crack difficult. It was known, from previous 
experiments, that polishing the area along the cracking plane would facilitate crack 
measurements. [26] The procedures used for polishing the surface of the test specimens 
can be seen in Appendix B. Pre- and postpolished specimens can be seen in Figs. 5 and 
6, respectively.
Following these steps produced a near mirror finish, making the crack much 
easier to see and measure as expected. Pre- and postspecimen measurements of the 
polished areas were taken using calipers, model number CD-6” CXWW, with a tolerance 
of ±0.0005. These measurements resulted in a difference in thickness below the 
tolerance limit o f  the calipers.
20
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Figure 5 As-received Test Specimen
Figure 6 Polished Test Specimen
2.3 Test Equipment
During the fatigue testing for this study, the primary test system experienced a 
malfunction. The result was that two different laboratories were used to conduct the 
testing. One of the labs used to perform the testing is located at Hill AFB, UT in the 
Science and Engineering Laboratory. The other lab used to conduct the testing is located 
at SwRI in San Antonio, TX. The following sections give information about the 
equipment used at Hill AFB lab to give the reader an idea of what was used during 
testing. Details of the equipment used at SwRI can be seen in Appendix C. All tests 
were conducted in lab air conditions.
2.3.1 Fatigue Machine and Equipment Specifications
2.3.1.1 Interlaken Series 3300 55 kip Fatigue Machine
Interlaken was the original manufacturer o f  the load frame used to conduct the 
testing. The actuator on this machine has a 55 kip capacity and can be seen in Fig. 7. 
The actuator is located below the specimen, has a ± 3 inch range and is equipped with a 
positioning sensor. Above the specimen is the crosshead to which the Interface 50 kip 
load cell, model 1032AF-50K-B, is attached. The load cell provides the feedback to the 
controller indicating how much load is being applied to the specimen. Every year, the 
fatigue machine and load cell must be calibrated to ensure the accuracy o f the 
experiments performed. The calibration for these items was performed by Instron 
Corporation on 4/15/13 for the fatigue machine and 4/16/13 for the load cell in 
accordance with ASTM E4. The calibration certifications can be seen in Appendix D. 
The testing done for this experiment was done within the year calibration timeframe. The
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Figure 7 Interlaken 55 kip Fatigue Machine
alignment o f  the grips, which is necessary to prevent unexpected loading, met 
specification ASTM E1012 requirements.
2.3.1.2 MTS Hydraulic Wedge Grips
Hydraulic wedge grips, model 647, were used during this experiment in lieu o f 
other gripping techniques. Using hydraulic grips simplifies the specimen installation 
process and reduces variability with mechanical grips. This is due to the fact that 
techniques require bolts to clamp onto the specimen, which require holes to be drilled 
creating stress concentration areas. These specific grips have a 55 kip capacity with a 
grip area that is 2.5 inches long by 4 inches wide. The MTS hydraulic wedge grips can 
be seen in the middle o f  Fig. 7.
2.3.1.3 MTS Hydraulic Over Hydraulic Intensifier
This particular model of hydraulic grips requires a hydraulic intensifier to 
increase line pressure from 3,000 psi to a maximum of 10,000 psi depending on the 
maximum load to be applied, static or fatigue. Based on this testing, the pressure was set 
at 5,400 psi in order to maintain consistent gripping throughout the tests while not 
providing too much clamp pressure, thus reducing the chance of a grip failure.
2.3.1.4 Instron 8800 Fast Track Controller and Software
An Instron 8800 series controller was used with different Instron software 
packages. The Bluehill 2 software was used for tuning, balancing and constant amplitude
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loading. Tuning and balancing o f the fatigue machine was necessary for every sample to 
ensure the accuracy of the data being collected.
As part of the Bluehill 2 software package, the constant amplitude model, called 
WaveMatrix, was used during the precracking phase of this experiment. This program 
allows one to select the wave shape, frequency and amplitude at which the test will be 
conducted. The only other piece of information needed to conduct the test is the mean 
stress, which is the value established by the user in the setpoint window of the Bluehill 2 
module. The details of how the precracking was performed will be explained later.
A third software package, called RandomModule, was used to perform the 
variable amplitude portion o f this experiment. This software allows for a load history 
file, in this case, the spectrum files, to be loaded into the program and used to run the 
machine. This program also allows for the user to select how long the test will run and i f  
the load is to be applied at a certain frequency or load rate. For error checking, 
RandomModule will record any error above a value established by the user. The user 
interface for this program is shown in Fig. 8.
2.3.2 Measurement Equipment
2.3.2.1 Mitutoyo Calipers
To take measurements o f  each o f  the specimens width and thickness, Mitutoyo 
calipers, model CD-6” CXWW, were used. The calipers have a tolerance range o f 
±0.0005 and were calibrated on 1/23/2013, which is due on 7/23/2015.
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Figure 8 Random Module Interface
2.3.2.2 Gaertner Taveling Microscopes
Two Gaertner traveling microscopes, model M101A, mounted on custom-made 
frames were used to measure hole diameter and to track crack growth in the bore and 
front and back surfaces during testing. These microscopes can be seen mounted on the 
load frame in Fig. 9. The microscopes provided a 32x magnification with crosshairs, 
which were necessary to accurately track crack growth. [27] These microscopes had a 
variety of different eyepieces that could be used depending on the application. For this 
experiment, the eyepiece with a 60 millimeter focal length was used for tracking the 
surface cracks while the 80 millimeter focal length eyepiece was used for tracking the 
bore crack.
In order to measure the bore crack, the back microscope was focused on the bore 
wall at an angle. A diagram of the setup can be seen in Fig. 10. In order to measure what
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Figure 9 Gaertner Microscopes, Front and Back, Used to Take Measurements
the crack length was in the bore, the angle at which the traveling microscope was placed 
needed to be known. Calculating the angle was accomplished by using simple 
trigonometric concepts of right triangles. If the thickness of the specimen is known and 
the apparent thickness of the specimen, through the microscope, can be measured, then 









Figure 10 Illustration of Microscope Setup for Bore Measurements [26]
0 = sin - i
V A ctual th ickness )
Once the angle of the microscope is determined, the crack length in the bore can be 
calculated by simply rearranging the same formula. The only difference at this point is 
that the measured crack length is now the variable for crack length as shown in the 
following formula.
M easured  crack leng th
Crack L eng th  =
sin(0)
The measurements from the microscopes were displayed on Fagor Automation 
digital readouts. The tolerance range on the Fagor readouts is ±0.00002, which exceeds 
the requirements of ±0.004 required by ASTM E647. One of the readouts can be seen 
mounted on the hydraulic intensifier in Fig. 7.
2.3.2.3 AmScope Lamp
To increase the visibility of the crack, an AmScope lamp, model HL150-AY, was 
used to illuminate the specimen. This lamp incorporates two snake lights, which could be 
put in any position necessary to illuminate the crack. Images of the lamp can be seen in 
Figs. 7 and 9.
2.4 Reaming and Bore Polishing
2.4.1 Reaming
After the precracking was performed on each of the specimens, the center hole 
was reamed from a 0.157” hole to a 0.250” hole, which is representative of a fastener 
hole. The procedure used for reaming the bore can be seen in Appendix B. The reaming 
operation was performed on a Supermax Mill, model YC-1.5VS-1 and seen in Fig. 11, is 
manufactured by the Jih Fong Machinery Co. LTD. The dial indicator used to find the 
center of the bore is accurate to within 0.001 of an inch.
2.4.2 Bore Polishing
After the reaming was performed, the bore surface had machining marks, which 
made it difficult to view the crack. To obtain better visibility of the crack in the bore, it
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Figure 11 Supermax Mill Model YC-1.5VS-1
was necessary to polish the bore. A Dremel, model number 3000, was used to polish the 
bore. The procedures used to polish the bore can be seen in Appendix B. This polishing 
process provided a near mirror finish that made tracking the crack growth much easier. 
The difference in diameter, measured using the Gaertner microscopes mentioned 
previously, from this polishing process was on average 0.005 of an inch on the diameter.
2.5 Fractographic Equipment 
After the fatigue testing was concluded, a fractographic examination of the test 
specimen fracture surfaces was conducted using a Hitachi Scanning Electron Microscope
(SEM), model S-2600N, see Fig. 12. Due to the limitations of the space within the 
vacuum chamber, the specimen had to be placed in the holder on an angle. A view of 
how the tests specimens had to be placed in the machine can be seen in Fig. 13.
2.6 Testing Procedures
2.6.1 Precracking
The test plan for this experiment required that the test specimens be precracked 
before the actual testing takes place. [8] This serves the purpose as stated in ASTM 
E647:
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Figure 12 Hitachi SEM Model S-2600N
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Figure 13 Position of Fatigue Specimen Once Inside the SEM
to provide a sharpened fatigue crack of adequate size and straightness which 
ensures that 1) the effect of the machined starter notch is removed from the 
specimen K-calibration, and 2) the effects on subsequent crack growth rate data 
caused by changing crack front shape or pre-crack load history are eliminated. 
[28, p. 6]
As mentioned previously, each specimen started off with a 0.157” hole with a 0.020” by 
0.030” triangular-shaped EDM corner notch placed perpendicular to the load path. The 
EDM notch serves as a stress concentrator to get the crack started.
The test plan also specified that a constant amplitude cyclic load be applied to the 
specimens that would result in precracks 0.030 to 0.050 of an inch in length beyond the 
final ream sized hole. [8] These precracks were representative of flaws in the material 
that are assumed to be present according to the Damage Tolerant philosophy. [6] The
size of the precrack was chosen because 0.030” to 0.050” is the NDI detectable limit. [6] 
The Constant amplitude loading was applied at 15.4 ksi and a stress ratio of 0.05. [8] The
15.4 ksi stress, which is 70% of the max stress in the test, was chosen because ASTM 
E647 requires that any precracking performed end with a max stress intensity that is 
lower than the initial stress intensity o f  the test. [28] A complication that arises from this 
ASTM E647 requirement is that it was intended for constant amplitude loading and 
mentions nothing for variable amplitude loading, which is what was used during actual 
testing. It was determined that as long as the final precracking stress intensity was less 
than the initial max stress intensity created by the highest load in the spectrum, the intent 
of E647 requirement would be met.
2.6.1.1 Load Shedding
Soon after the precracking on the first sample was initiated, it became apparent 
that something needed to be done to speed up the process. Initially, the precracking ran 
for several hours at the 15.4 ksi stress level with no detectable crack progression. ASTM 
E647 specifies a load shedding technique that can be used to speed up the precracking 
process. Load shedding is a process where one runs the sample at a high load to get the 
crack started from the notch. The load is then progressively decreased over a number o f 
steps until the final step is at the desired stress level. A graph that illustrates the load 
shedding concept is shown in Fig. 14.
One of the load shedding requirements from ASTM E647 is that each step must 
be run long enough to get through the plastic zone of the previous load shedding step. 
[28] Another requirement is that there can be no more than a 20% drop difference
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Figure 14 Plot Demonstrating the Load Shedding Concept [28]
between the final load max of one step and the beginning load max of the next step. The 
requirements are to reduce, as much as possible, any transient effects that occur from the 
plastic zones from one step to the next. [28] To determine the crack size increments for 
each step, E647 suggested using the following formula, which is the formula for 
calculating plastic zone sizes. [28]
A a
= ©3 \ (K'r°YS
2
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Here, Aa is the crack size increment, K'max is the terminal value of Kmax from the 
previous step. The difficulty that arises from using this formula is determining the
experiment, particularly the EDM notches, differs from that typically used in the E647 
test. The middle tension specimens in E647 have a hole in the center, just like this 
experiment, but with two, through thickness notches on opposite sides of the hole 
perpendicular to the load path. The specimens used in this experiment had only one 
corner notch, which requires a different formula to determine the K'max value.
The formulas used to determine the K'max value were obtained from the 
Handbook of Stress Intensity Factors. [29] The primary function is the following 
equation, which was derived from finite element results. [29] A step-by-step process of 
how this function is used is shown in Appendix E. [29]
K is the stress intensity at a point along the curve at angle 0 , which is in radians. [29] St 
is the tension stress, a is the crack length in the bore, c is the crack length on the surface, 
t  is the specimen thickness, b is the width of the specimen and r  is the hole radius. [29] 
Q is expressed in the following equation. [29]
where a and c are the same as the previous function. It was assumed that the aspect ratio, 
a /c , remained a constant 0.667.
correct K'max value. This is due to the fact that geometry of the specimens used in theax
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Once it was known how to calculate the stress intensity values, the number o f
load shedding steps now needed to be determined. ASTM E647 recommends:
The rate of force shedding with increasing crack size shall be gradual enough to 
1) preclude anomalous data resulting from reductions in the stress-intensity factor 
and concomitant transient growth rate, and 2) allow the establishment o f  about 
five da/dN, AK data points of approximately equal spacing per decade of crack 
growth rate. [28, p. 7]
It was known that the crack needed to grow approximately 0.047 to 0.067 of an inch 
beyond the EDM notch to achieve the 0.03 to 0.05 inch fatigue crack beyond the 0.250 
inch reamed hole. To start off, the 0.047 was divided up into 5 segments of about 0.010 
inch crack growth capacity. The methodology used to determine the load per step was to 
start o ff with a load that when decreased by 20% per step would result in a final load that 
corresponded to the 15.4 ksi stress level desired. The loads could then be used to 
calculate the stress levels, which in turn were used, with the respective final crack length 
for each step, to determine the max stress intensity value along the crack front. Once the 
max stress intensity was determined, the plastic zone sizes could be determined, which 
showed what was required for the crack growth increments between steps. The results of 
the final calculations are shown in Table 3.







(in)Dim. a Dim. c
1 0.030 0.045 37.5 20.4 0.0180
2 0.040 0.060 30.0 18.0 0.0145
3 0.050 0.075 24.0 15.5 0.0110
4 0.056 0.084 19.2 13.1 0.0075
5 0.061 0.091 15.4 11.4 0.0050
2.6.2 Fatigue Testing 
To compare the two spectra developed for this research, five different 
combinations of the spectra were tested. These different combinations were given the 
following nomenclature: A baseline, A plus B_1, A plus B_2, A plus B_3 and B baseline 
tests. For each combination, three specimens were used to establish a level of confidence 
in the results. The baseline tests, A and B showed how each spectrum performed 
individually. The mixed spectra tests were set up to run the A spectrum first then 
transition to the B spectrum when the bore crack length reached a predetermined range. 
The differences between the mixed spectra tests were that the transitions from A to B 
occurred at different crack lengths. This was done because no two aircraft have 
experienced the exact same usage; hence, a range of crack size applicability had to be 
considered in the testing. Thus, the B_1 to B_3 tests were meant to show a progression 
of effective flight hours (EFH) spent under A loading condition. B_1 tests represent the 
least amount of time an aircraft spent under A loading conditions while B_3 tests 
represented the most. The attributes for each spectrum are shown in Table 4.
Before actual testing began, the test run order was randomized. This was done to 
reduce any abnormalities that may occur while testing from skewing the test data. For 
instance if all of the A baseline tests were done sequentially while some error had 
occurred in the machine, then all of the data for those specimens would be affected. But
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A 21,953 10,977 197 99 240 16,731
B 21,953 10,977 266 133 1,000 4,371
if  the run order is randomized, only a portion of the data would be affected and not the 
whole set. The test order for this study is shown in Table 5.
To determine the load rate at which the tests could be run, a spare specimen was 
subjected to the different loading spectra at varying rates. While these tests were 
running, the Random Module program was used to record the error and log the 
information into a file. This information, which contained the command load and the 
feedback load, was used to calculate the average error during the testing. Due to the 
limitations of the equipment used, it was determined that an average error of 2% or 
below, at the load rate used, would be acceptable. The loading rate used on most of the 
testing at Hill AFB was 150 to 200 kip/s for the A spectrum and 100 to 150 kip/s for the 
B spectrum. These loading rates produced errors of greater than 2% on individual load 
points mostly on loads 20% or less of the peak load, but some were as high as 60%. The
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Table 5 Specimen Test Order
Test Type Test Specimen 
ID Number
Test Order
A Baseline 7 1
2 14
5 6
A + B 1 6 9
1 10
8 28
A + B 2 9 12
10 7
11 29
A + B 3 12 2
13 30
14 8
B Baseline 28 5
29 11
30 13
max load variation producing the error was 135 lb. The equipment used at Hill AFB 
made managing the error any better than what was observed difficult. SwRI was able to 
keep all points below 2% error while running at 100 kip/s. Therefore, it is recommended 
that the load rate be reduced to better manage the error.
2.7 AFGROW Procedures 
As has been stated, AFGROW is a program used to model crack growth behavior 
subject to fatigue. Essentially, how this program works is it uses the inputs provided by 
the user, i.e., geometry of the sample, material used, loading conditions etc., and 
calculates how much the crack will grow on each load cycle. [30] Starting with an initial 
flaw size, the program calculates the stress intensity on the crack front and uses that 
information to determine how much the crack will grow on that cycle. This process is 
repeated cycle per cycle until certain failure or termination criteria are met. The analysis 
for this study was conducted using procedures, seen in Appendix F, which were based on 
a set of guidelines prepared by the USAF. [31] Fig. 15 is an image of the AFGROW 
interface.
As was mentioned earlier, past research showed that Yield Zone and Crack 
Closure crack growth retardation models provided good fits to steel type materials tested 
under similar conditions. However, soon after starting the modeling process, it was 
discovered that better fits to the data could be obtained when no retardation models were 
utilized. Further discussion on this topic can be seen in section 4.3.
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Figure 15 AFGROW Interface
2.8 Data Collection and Test Matrix 
Excel spreadsheets were used to collect the data during fatigue testing. These 
data sheets identified the specimen and what type of test was performed. Concerning the 
specimens themselves, the following measurements were recorded: specimen thickness, 
specimen width, EDM notch length, pre- and postream center bore diameter and 
postream corner crack surface and bore lengths. Other items of interest that were 
recorded on the data sheets were testing dates, load conditions, load rates and comments. 
An example of a crack growth data sheet can be seen in Fig. 16.
Concerning the frequency on which measurements should be recorded during the 
test, the researchers took into consideration a guideline in ASTM E647. This 
specification recommends that measurements be recorded on a minimum of 0.004 of an 
inch crack growth. [28] Having said that, the same specification also states that the, 
0.004 of an inch, measurement could be adjusted depending on the circumstances. [28]
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GT270KB003-13-5 Fatigue Crack Growth Data Sheet
Width: 4.004 in. Thick: 0.125 in. Area: 0.501 in
Pre-crack Information
Pre-crack Date: 6/4/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0298 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 1977 37.5
2 15 1923 24
3 18 2940 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1083
32759 37.5 13 0.1233
54099 30 13 0.1397
92092 24 15 0.1529
128284 19.2 15 0.1620
173327 15.4 18 0.1687
Experiment Information
Exp. Date: 2/11/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. A Loading Rate: 400 to 500 kip/s Hole Dia.: 0.253 in.
Max Stress (Sp. A): 21.953 ksi Surface Crack: 0.046 in. Bore Crack: 0.082 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back
A 0 0.046 0.082 500 kip/s
4497.77 0.048 0.082
25347.35 0.069 0.098
45425.05 0.090 0.116 Reduced to 
400 kip/s 
due to limit 
trip





Figure 16 Example of a Crack Growth Data Sheet
Thus, it was anticipated that measurements would be recorded in these small increments 
during the initial stages of the test, then increase to larger increments as the tests 
proceeded. The test matrix used for this research is shown in Table 6.







3 Baseline A A only
Baseline, testing from initial crack 
to at least 100,000 EFH with this 
spectrum
3 A + B_1 A + B
Spectrum A testing until initial 
crack grows to a = 0.090 to 0.095”, 
then switch to spectrum B
3 A + B_2 A + B
Spectrum A testing until initial 
crack grows to a = 0.105 to 0.110”, 
then switch to spectrum B
3 A + B_3 A + B
Spectrum A testing until initial 
crack grows through thickness, 
then switch to spectrum B
3 Baseline B B only
Baseline, testing from initial crack 




3.1 Accelerated Fatigue Tests 
The results shown in this chapter are based on data gathered from testing 
conducted at both Hill AFB and SwRI. It is important to note that both Hill AFB and 
SwRI conducted at least one of each type of test. It was not originally planned to perform 
fatigue tests at two locations, but it helped to determine if  any error occurred due to the 
equipment being used. Each of the five variations of tests used three test specimens. The 
data sheets for all of the fatigue testing conducted can be seen in Appendix G. 
Additionally, curves not displayed in the section can be seen in Appendix H
3.1.1 Spectrum A Baseline 
Baseline data for spectrum A were developed for comparison purposes with 
spectrum B and analytical data. Whenever possible, it is a good idea to validate 
analytical data with testing results. Specimens designated as GT270-2, -5 and -7 were 
used to conduct these tests. The average bore and front surface cracks for these 
specimens were 0.074 and 0.044 of an inch, respectively. Fig. 17 plots the crack lengths 
vs. EFH of the fatigue testing conducted to establish the baseline for spectrum A. The 
plot shows that all three tests agree very well until about 200,000 EFH, at which point
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tests GT270-2 and -7 begin to diverge. Even though the two tests began to differ from 
each other, the difference equates to only 6 % of total fatigue life. Two of the tests used 
for this baseline data were run until failure occurred. Running these tests until failure 
showed that the life of the specimen was about 330,000 EFH. The third test was run for 
only 150,000 EFH because that time exceeded the minimum requirement of 100,000 
EFH. At 100,000 EFH, all three tests show that the front surface crack grew on average 
about 0.127 of an inch to a total of 0.297 of an inch.
For a plot showing how the bore and the back surface crack grew on specimen 
GT270-2, see Fig. 18. This plot shows that the bore crack grew to through thickness in 
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Figure 18 Front Surface, Bore and Back Surface Crack Growth Data for GT270-2
surface of the specimen initially grew at a slightly faster rate than the front crack. This is 
expected due to the higher Beta value that exists initially on a surface when a crack has 
just gone through thickness. The back surface crack continued to grow at a faster rate 
than the front surface crack until both were at a length of about 0.600 of an inch. At this 
point, the two crack measurements remained within about 0.020 of an inch of each other 
for the remainder of the test. This type of crack growth behavior validates that no 
irregular loading was occurring. The data for the other two specimens showed similar 
results.
3.1.2 Spectrum B Baseline 
Specimens designated as GT270-28, -29 and -30 were used to conduct the 
spectrum B tests. The average bore and front surface cracks for these specimens were 
0.081 and 0.171 of an inch, respectively. Fig. 19 plots the crack lengths vs. EFH of the 
fatigue testing conducted to establish the baseline for spectrum B. The plot shows that all 
three tests agree very well for the first 500,000 EFH, at which point GT270-28 begins to 
diverge from the other two tests. All three tests were terminated before the complete 
failure of the specimens occurred. Even without running to complete failure, all three 
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Figure 19 Front Surface Crack Spectrum B Baseline Results
even when the testing had ran for 450,000 EFH, the front surface crack had only grown 
on average 0.021 of an inch to a total of 0.192 of an inch.
For a plot showing how the bore crack and the crack on the back surface grew on 
specimen GT270-28, see Fig. 20. This plot shows that the bore crack grew to through 
thickness in about 500,000 EFH under this spectrum. The plot also shows that the crack 
on the back surface of the specimen initially grew at a slightly faster rate than the front 
surface crack. The back surface crack continued to grow at a faster rate than the front 
surface crack until they both grew to a length of about 0.300 of an inch. At this point, the 
back surface crack surpasses the front surface crack, but remains to within about 0.020 of 




































Figure 20 Front Surface, Bore and Back Surface Crack Growth Data for GT270-28
specimens showed similar results except that the back surface cracks never exceed the 
length measurements of the front surface cracks. The other difference on this specimen 
was that the bore to back surface crack transition took place at about 614,000 EFH while 
the others took on average about 686,000 EFH to make the same transition.
3.1.3 Combinations of Spectra A and B 
Combination tests using both spectra were developed to directly determine how 
17-7PH would behave during the transition from spectrum A to B. As was stated earlier, 
the bore cracks were allowed to grow to three different ranges of length under spectrum 
A before transitioning to spectrum B. This was done to represent the range in life of the 
actual fleet of aircraft under spectrum A before the transition occurred to spectrum B. It 
also allows investigators to determine if the crack growth behavior changes significantly 
between the different transition points. Note that since these tests were conducted for 
varying amounts of EFH, some of the plots were created with shortened data sets for 
visualization purposes.
3.1.3.1 Spectrum A + Spectrum B 1
The first type of combination spectrum tests conducted were the spectrum A + 
spectrum B_1 tests. These tests were run under spectrum A until the bore crack reached 
a length in the range of 0.090 to 0.095 of an inch. Specimens GT270-1, -6 and -8 were 
used to conduct these tests and the results of the front surface and bore cracks are shown 
respectively in Figs. 21 and 22. The average initial front surface and bore crack lengths 










FRONT SURFACE CRACK RESULTS FOR A + B_1
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Figure 22 Bore Crack A + B_1 Combination Results
actually had larger initial crack sizes due to reasons that will be explained in section 
4.1.2.1. The plots are the crack lengths vs. EFH of the fatigue testing conducted for the 
spectrum A to spectrum B_1 transition. These plots show that all three tests agreed very 
well as far as crack growth is concerned, with the exception of the initial measurements 
of GT270-1. All three tests were terminated prior to specimen failure but only after the 
minimum 100,000 EFH requirement had been met. For specimens GT270-6 and -8, the 
transition to spectrum B occurred at about 37,000 and 26,000 EFH, respectively. Once 
the transition to spectrum B was made, the crack growth essentially stalled for the 
remainder of the test. All three tests showed that during the spectrum B portion, the 
crack grew only 0.006 of an inch on average for 100,000 EFH.
For a plot showing how the bore and the surface crack grew for specimen GT270- 
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Figure 23 Front Surface and Bore Crack Growth Data for GT270-6
different spectra. One can see from the plot of either crack that they grew under 
spectrum A for about 0.025 of an inch in the 37,000 EFH period before transitioning to 
spectrum B. After the transition to spectrum B was made, the front surface and bore 
cracks grew approximately 0.007 and 0.009 of an inch, respectively, for 100,000 EFH.
3.1.3.2 Spectrum A + Spectrum B 2
The next type of combination spectrum tests conducted were the spectrum A + 
spectrum B_2 tests. These tests were run under spectrum A until the bore crack reached 
a length of 0.105 to 0.110 of an inch. Specimens GT270-9, -10 and -11 were used to 
conduct these tests. The average initial front surface and bore crack lengths for these 
specimens were 0.041 and 0.076 of an inch, respectively. Figs. 24 and 25 plot the crack
50
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Figure 25 Bore Crack A + B_2 Combination Results
lengths vs. EFH of the fatigue testing conducted for the spectrum A to spectrum B_2 
transition. These plots show that the results agree well with each other except for the 
results from specimen GT270-11. See section 4.1.2.1 for more details on specimen 
GT270-11. All three tests were terminated prior to specimen failure after meeting the 
minimum EFH requirement. For specimens GT270-9 and -10, the transition to spectrum 
B occurred at about 47,000 and 44,000 EFH, respectively. As was seen in the spectrum 
A + spectrum B_1 tests, the transition to spectrum B also caused the crack growth to 
stall. All three tests showed that during the spectrum B portion of the test the crack grew 
only 0.008 of an inch on average for 100,000 EFH.
A plot showing how the bore and the surface crack grew for specimen GT270-9 
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Figure 26 Front Surface and Bore Crack Growth Data for GT270-9
different spectra. The plot also shows that the crack grew under spectrum A for about 
0.040 of an inch in the 47,000 EFH period before the transition to spectrum B. After the 
transition to spectrum B was made, the front surface and bore cracks grew approximately 
0.010 and 0.011 of an inch, respectively, for the 100,000 EFH period.
3.1.3.3 Spectrum A + Spectrum B 3
The third type of mixed spectrum tests conducted were the spectrum A + 
spectrum B_3 tests. These tests were run under spectrum A until the bore crack grew 
through thickness. Specimens GT270-12, 13- and -14 were used to conduct these tests 
and the results are shown in Figs. 27 and 28. The average initial front surface and bore 
crack lengths for these specimens were 0.043 and 0.076 of an inch, respectively. The
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Figure 27 Front Surface Crack A + B_3 Combination Results
































Figure 28 Bore Crack A + B_3 Combination Results
plot shows that all three tests agreed very well with respect to crack growth throughout 
both spectra. These tests were also terminated prior to specimen failure after meeting the 
minimum EFH requirement. The transition to spectrum B was made when GT270-12, - 
13 and -14 reached approximately 37,000, 48,000 and 40,000 EFH, respectively. As was 
seen in the other two types of combination spectra tests, the transition to spectrum B also 
caused the crack growth to stall. All three tests showed that during the spectrum B 
portion of the test the crack grew about 0.008 of an inch on average for 100,000 EFH.
A plot showing how the bore and the surface cracks grew for specimen GT270-13 
see Fig. 29. This plot shows that the cracks grew under spectrum A for about 0.040 
inches in the 47,000 EFH period before the transition to spectrum B. After the transition 
to spectrum B was made, the front surface and back surface cracks grew approximately 


























0.0E+00 5.0E+04 1.0E+05 1.5E+05 2.0E+05 2.5E+05
EFH
Figure 29 Front Surface, Bore and Back Surface Crack Growth Data for GT270-13
3.2 Fractography Examinations 
As was mentioned previously, in Chapter 1, the purpose of the fractographic 
examination was to verify initial flaw sizes and transition crack lengths, but primarily to 
make note of any distinct features the spectra created on the crack surfaces. This was 
accomplished using the Hitachi SEM at the University of Utah. This section will go over 
general observations of the images for each type of test combination performed. A more 
detailed discussion of fracture surface features will be given in Chapter 4. It is important 
to remember that each test specimen was precracked to a predetermined length before the 
spectra were applied. Note that the specimens are angled in the images due to the 
limitations of space in the SEM used. For additional images of fracture surfaces see 
Appendix I. The process followed for using the SEM can be reviewed in Appendix B.
3.2.1 Spectrum A Baseline Fractography 
For the spectrum A baseline tests, the specimens first precracked then tested to 
completion under spectrum A. Fig. 30 shows the widest view that could be obtained for 
the fracture surface of specimen GT270-7. The precrack surface can be seen propagating 
from the upper right corner on the fracture surface. Also notice how each of the precrack 
load shedding steps can be seen in the precrack area. The figure also confirms the testing 
data of the precrack front surface crack length to be approximately 0.040 of an inch.
The next figure, Fig. 31, is a close up of the transition from the constant amplitude 
precrack fracture surface to the variable amplitude Spectrum A surface. There appear to 
be no real distinct fracture surface features between the precrack and Spectrum A other
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14-Feb-14 AF-0 WD14.0mm 15.0kV x50 1mm
Figure 31 400x View of the Precrack to Spectrum A Transition on GT270-7
than the fact that the end of the precrack surface is slightly smoother. Fig. 32 shows the 
striations on the spectrum A fracture surface, which are indicative of fatigue.
3.2.2 Spectrum B Baseline Fractography 
For the spectrum B baseline tests, the specimens were also precracked first, then 
switched to spectrum B for the duration of the test. Fig. 33 shows the widest view that 
could be obtained for the fracture surface of specimen GT270-28. The precrack surface 
in this case in more difficult to distinguished from the spectrum B surface, but it is 
present. Notice that the spectrum B fracture surface is much smoother in its appearance 
than the spectrum A fracture surface seen in previous figures. The figure also confirms 
test data of the approximate precrack front surface crack length of 0.045 of an inch. Fig. 
34 shows what appear to be striations on a plateau in the spectrum B surface area.
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Figure 33 Wide View of GT270-28 Fracture Surface
07-Feb-14 AF-4 WD12.8mm 15.0kV x3.0k lOum
Figure 34 Spectrum B Striations on GT270-28
3.2.3 Combinations of Spectrum A and B Fractography 
This section will cover the three types of combination spectrum tests that were 
done for this study. The combination spectrum tests were done by first, precracking, then 
applying spectrum A until the bore crack reach a predetermined length, followed by 
applying spectrum B for a minimum 100,000 EFH.
3.2.3.1 Spectrum A + Spectrum B 1 Fractography
After the precracking was accomplished on these tests, spectrum A was applied 
until the bore crack reached a length of 0.090 to 0.095 of an inch. As was seen in the 
baseline fractography images, the precrack area is distinguishable from the rest of the 
surface. Fig. 35 shows the widest view obtained of test specimen GT270-6. This figure
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Figure 35 Wide View of GT270-6 Fracture Surface
confirmed test data that the front surface crack length was 0.040 of an inch. The bore 
crack length, confirmed in another image, was approximately 0.064 of an inch.
The spectrum B portion of the fracture surface is difficult to see in Fig. 35. For a 
better view of the effects of spectrum B on the fracture surface and the transition length 
from spectrum A to B, see Fig. 36. The smoother surface is the actual test fracture 
surface while the rest is overstress produced from pulling the specimen apart. The figure 
shows that the transition to spectrum B occurred when the bore length was approximately 
0.100 of an inch. Fig. 37 is a closer view of the transition from spectrum A to B. One 
can clearly see the spectrum A has a much smoother appearance to it compared to 
spectrum B.
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Figure 36 Wide View of the GT270-6 Transition Point from Spectrum A to B
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Figure 37 Transition from Spectrum A to B for GT270-6
3.2.3.2 Spectrum A + Spectrum B 2 Fractography
Like the previous test type, this second type of tests started with a precrack 
followed by spectrum A, which transitioned to spectrum B. The transition from spectrum 
A to B was supposed to occur when the bore crack reached a length of 0.105 to 0.110 
inches. Fig. 38 shows the widest view obtained of test specimen GT270-9. Clear 
distinctions between the precrack region and spectra regions are visible. This figure also 
validates that the front surface precrack length was approximately 0.042 of an inch. The 
bore precrack length was approximated from this same image and was determined to be 
about 0.090 of an inch, about 0.020 of an inch longer than test data.
Fig. 39 shows a better view of the transition from spectrum A to B. This figure
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07-Feb-14 AF-9 WD11.3mm 15.0kV x40 lmm
Figure 38 Wide View of GT270-9 Fracture Surface
Figure 39 Wide View of the GT270-9 Transition from Spectrum A to B
shows that the transition point actually occurred at a longer crack length than what was 
recorded in the test data. The figure shows that the transition point occurred at 
approximately 0.120 of an inch, which is about 0.014 of an inch longer than test data. 
Once again, spectrum A creates a significantly rougher surface than spectrum B. The 
figure also shows that the crack grew through thickness, which was not recorded in the 
test data. Fig. 40 shows a closer view of the spectrum A to B transition.
3.2.3.3 Spectrum A + Spectrum B 3 Fractography
Like the previous two test types, this type of test started with a precrack followed 
by spectrum A with a transition to spectrum B. The transition from spectrum A to B was 
supposed to occur when the bore crack went through thickness. Fig. 41 shows the widest
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Figure 40 1,000x View of the GT270-9 Transition From Spectrum A to B
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Figure 41 Wide View of GT270-14 Fracture Surface
view obtained of test specimen GT270-14. For this specimen, it was difficult to obtain an 
image that clearly showed the precrack region, but it can be distinguished. The front 
surface precrack length occurred at approximately 0.043 of an inch, validating the test 
data. The bore precrack length, verified in another image, was determined to be 
approximately 0.090 of an inch in length, about 0.010 of an inch longer than test data. 
Once again, the spectrum B fracture surface is difficult to see due to the fact that the 
region is so small in the image. For a better view of the spectrum A to B transition, see 
Fig. 42.
Fig. 42 shows that the transition point occurred after the bore crack under 
spectrum A had gone through thickness. The figure shows that the transition point 
occurred at approximately 0.039 of an inch on the back surface, which is about 0.020 of 
an inch longer than test data.
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Figure 42 Wide View of the GT270-14 Transition from Spectrum A to B
3.3 AFGROW Simulations 
This section shows the results of the AFGROW models developed to simulate the 
test data gathered for each type of test. The 17-7PH data in the NASGRO material 
database were used for most of these simulations. The TH1050 heat treatment condition 
was used for the simulations because the specific heat treatment condition of the test 
specimens was not available in the NASGRO database. No retardation models were used 
in the development of these models. Note that all the simulations were done in such a 
manner as to make them agree well with the test data and produce conservative results. 
All initial crack lengths used in the simulations were approximations to the actual initial 
crack lengths of the respective tests.
3.3.1 Spectrum A Baseline Simulations 
This simulation was done using the 17-7PH data in the NASGRO model database. 
The initial front surface and bore crack lengths were 0.040 and 0.070 of an inch, 
respectively. One of the equation parameters, the slope parameter n, had to be slightly 
adjusted from 3.4 to 3.45 to make the data correlate better. Fig. 43 displays the results of 
the simulation along with spectrum A baseline test results. As one can see, the 
simulation correlates well with the test data and ends conservatively. The difference in 








Figure 43 Front Surface Crack AFGROW Simulation Results for Spectrum A
3.3.2 Spectrum B Baseline Simulations 
This simulation was also done using the 17-7PH data in the NASGRO model 
database. The initial front surface and bore crack lengths were also 0.040 and 0.070 of an 
inch, respectively. None of the equation parameters had to be changed for this 
simulation. Fig. 44 displays the results of the simulation along with spectrum B baseline 
test results. The figure shows that this simulation also correlates well with the test data. 
















Figure 44 Front Surface Crack AFGROW Simulation Results for Spectrum B
3.3.3 Spectrum Combination Simulations
In this section, simulations for the front surface crack were developed. To match 
the data for each type of combination, test two simulations were developed, one for the 
spectrum A portion of the curve and the other for the spectrum B portion. Both the 
spectrum A and B portions of the crack used the NASGRO database. In these 
simulations, it was not necessary to change any of the NASGRO equation parameters. 
For greater detail on how these simulations were developed, see section 4.3.1.
3.3.3.1 Spectrum A + Spectrum B 1 Simulation
The initial front surface and bore crack lengths used for this simulation were 
0.040 and 0.070 of an inch, respectively. The transition to spectrum B occurred when the 
front surface and bore crack lengths reached approximately 0.064 and 0.090 of an inch, 
respectively. Fig. 45 displays the results of the simulation along with spectrum A + B_1 
test results. This figure shows that the simulation correlated well with the test data.
3.3.3.2 Spectrum A + Spectrum B 2 Simulation
The initial front surface and bore crack lengths used for this simulation were 
0.050 and 0.070 inches, respectively. The initial front surface crack length slightly 
differs from that recorded for these specimens, but it was changed to better match the test 
data. The transition to spectrum B occurred when the spectrum A portion of the 
simulation reached a front surface and bore crack lengths of 0.088 and 0.110 of an inch, 
respectively. Fig. 46 displays the results of the simulation along with spectrum A + B_2 
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Figure 45 Front Surface Crack Simulation Results for the A + B_1 Combination
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Figure 46 Front Surface Crack Simulation Results for the A + B_2 Combination
3.3.3.3 Spectrum A + Spectrum B 3 Simulation
The initial front surface and bore crack lengths used for this simulation were 
0.050 and 0.070 of an inch, respectively. The initial front surface crack length again is 
slightly different from that recorded for these specimens for the same reasoning as was 
explained in the previous section. The transition to spectrum B occurred when the 
spectrum A portion of the simulation reached a front surface and bore crack lengths of 
0.080 and 0.102 of an inch, respectively. Fig. 47 displays the results of the simulation 
along with spectrum A + B_3 test results. This simulation also correlated well with the 
test data.
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Figure 47 Front Surface Crack Simulation Results for the A + B_3 Combination
CHAPTER 4
DISCUSSION
4.1 Observations of Spectra 
This study was done to compare two spectra that were observed to occur at 
different times in a fleet of aircraft. Data for spectrum A were gathered primarily during 
the 1990s while data for spectrum B have been gathered from the early 2000s to the 
present. Until testing is done on representative test specimens to compare the two 
spectra, it is impossible to quantify how different the behaviors will be. It should be 
noted that controlling the error on spectrum B was more difficult. The result was that 
testing under spectrum B had to be run at slower speeds to minimize the error. Testing 
actual coupons and developing analytical models from the data shows that the material in 
the desired location on the aircraft, in this case 17-7PH, is predictable. For a similar 
study using 2024-T351 aluminum, see reference [10]. The information obtained from 
both the testing and analysis can then be utilized in the development of best maintenance 
practices for the given loading condition.
4.1.1 Spectra Baseline 
Baseline comparisons are essential for understanding what is occurring with the 
different spectra. This section will go into more detail about each of the spectra
attributes. That will be followed by a more in-depth discussion about the test results. 
The result will provide a better understanding about the basic and quantifiable differences 
between the spectra.
4.1.1.1 Spectra Attributes
Based on the spectra attributes, which was seen in Table 4, one can deduce that 
spectrum A was a more aggressive loading scenario than spectrum B. Spectrum A had 
16,731 damage producing load points in a 240 EFH period. [8] In contrast to that, 
spectrum B had only 4,371 damage producing load points in a 1000 EFH period. [8] 
That means that spectrum A produces roughly four times the amount of load events in a 
quarter of the time than that of spectrum B.
As far as the loads are concerned, the max and min loads for spectrum A are 
10,977 lb and 99 lb, respectively. For spectrum B, the loads are 10,977 lb for the max 
load and 133 lb for the min load. When the max load is applied to the test specimens, 
with an average cross-sectional area of 0.500 in , it produces a max stress of 21.954 ksi, a 
small fraction of the material capability in terms of yield strength. What does that mean 
when applied to the actual aircraft? This next section will show a side-by-side 
comparison of the test results.
4.1.1.2 Spectra Baseline Test Results Comparison
Fig. 48 is a plot directly comparing the front surface crack lengths results of the 
baseline tests. The average initial front surface crack length for all of these specimens 
was 0.046 of an inch. Since none of the spectrum B baseline tests were run to complete
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Figure 48 Plot Comparing Front Surface Crack Spectra A and B Baseline Results
failure, the crack length comparisons will focus on the smaller values. For a crack to 
grow 0.200 of an inch in size under spectrum A took approximately 34,200 EFH on 
average. For a crack to grow the same length under spectrum B took approximately 
630,000 EFH on average. That is an 18 plus fold increase in expected life. Failure under 
spectrum A did not occur until the surface cracks were only 0.005 of an inch away from 
the edge of the specimen. The average time it took for the crack to grow to that length 
was approximately 330,000 EFH. None of the spectrum B baseline tests were run until 
failure. The results for aluminum specimens in a similar study had significantly less life. 
[10]
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4.1.2 Spectra Combinations 
As mentioned in previous chapters, the purpose of testing combinations of spectra 
was to obtain a range of data that would represent aircraft at varying stages in their usage 
life. Doing so would demonstrate how the material behavior might change under varying 
crack lengths of both spectra. The following section shows a side-by-side comparison of 
the three different spectra combination tests.
4.1.2.1 Spectra Combination Test Results Comparison
Figs. 49 and 50 are respectively the front surface and bore crack measurement 
plots directly comparing the three types of spectra combination tests. For visual 
purposes, not all of the data for each specimen could be plotted. The average initial front 
surface and bore crack lengths for all of these specimens were 0.044 and 0.077 of an 
inch, respectively. The initial bore crack measurements varied widely most likely due to 
the fact that that measurement was not the deciding factor for termination of the 
precracking process. The initial front surface crack measurements had little variation 
because it was the deciding factor on when to terminate the precracking phase. Being 
that the bore crack was the more critical measurement, it would have been better to make 
it the deciding factor for precrack termination.
The specimen that deviated the most from the average initial front surface crack 
measurement was GT270-1. Specimen GT270-1 was actually tested two different times. 
The reason for this was that GT270-1 was the first specimen to be tested and was done so 
under the original set of spectrum transition criteria, which was 0.070 of an inch. During 
the first test, the bore and front surface cracks grew to 0.084 and 0.062 of an inch,
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Figure 50 Plot Comparing Bore Crack Spectra A + B Combinations
respectively. Being that the bore crack had not grown to the new set of spectrum 
transition criteria, it was determined that the specimen should be tested again to obtain a 
third set of valid data. The reason the surface crack for GT270-1 started out so large is 
due to the fact that it finished the first test at a longer length than the other specimens.
Fig. 49 shows that, with the exception of a few outliers, the data gathered during 
testing under spectrum A agree very well. Once the transition to spectrum B occurred, 
the figure shows that the slopes of the data point are very consistent as well. The front 
surface crack growth under spectrum A ranged from 0.059 to 0.092 of an inch before the 
transition to spectrum B. Note that the even though the shortest front surface crack 
length was from an A + B_1 test, the longest length came from an A + B_2 test, which 
was unexpected. This shows that even though the transitions occurred when the bore 
cracks reached a certain length, the front surface cracks did not necessarily grow equally 
as much. In other words, the aspect ratios varied from test to test.
The data used to create Figs. 49 and 50 show that the range of time under 
spectrum A, for a majority of the specimens, was approximately 26,500 to 47,700 EFH, 
a range of 21,200 EFH. When that value is compared to the overall average life 
expectancy of the component, just under spectrum A, it accounts for less than 7 % of the 
expected life. Without a total range of data for spectrum B, one cannot quantify exactly 
what percentage of life 21,200 EFH would be under that spectrum. But, with the data 
obtained, it is safe to conclude that the percentage would be very small. Once again, the 
study using aluminum showed significantly different results than those produced in this 
study for 17-7PH. [10] The exceptions for time under spectrum A were specimens 
GT270-1 and GT270-11 with 286 EFH and 1291 EFH, respectively. The reason why
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Specimen GT270-1 spent so little time under spectrum A can be attributed to what was 
discussed in the previous paragraph. The testing for specimen GT270-11 was conducted 
at SwRI and they did not mention any anomalies that occurred during testing. Therefore, 
it is unclear why that particular specimen’s test results deviated from the other test data. 
Due to the uncertainty of the results from these two specimens, the data were not used in 
further analyses.
Fig. 50 shows that even though the initial bore crack lengths varied significantly, 
the transition crack lengths were as specified for each type of test. The range of initial 
bore crack lengths was 0.064 to 0.084 of an inch. Once again, it is important to 
remember that those are initial values, which highlights the variations that occurred 
during precracking.
4.2 Observations from Fractographic Examinations
The main observation that came from the fractography images of the baseline 
specimen was how different the appearances were between the two spectra. Spectrum A, 
as was seen most of the fractography images, had a consistently rougher appearance. 
Even though striations could be seen on both spectrum A and B fracture surfaces, they 
were much easier to see on spectrum A fracture surfaces.
In contrast to spectrum A, fracture surfaces produced by spectrum B had a 
significantly smoother appearance. Another interesting phenomenon that was observed 
initially in some of the spectrum B fracture surface was the appearance of cracks that 
formed in the L-T plane of the specimens; see Figs. 51 and 52. These cracks were seen 
preferentially in the middle range of the thickness. As was stated in Chapter 2 these
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Figure 51 Wide View of Cracks in Spectrum B Fracture Surface
Figure 52 Crack in the Spectrum B Fracture Surface
specimens were formed out of 17-7PH sheet with the grains running preferentially in the 
longitudinal direction. It is believed that the cyclic loading caused the grains in the 
material to separate because of the Poisson effect. The cracking preferentially occurring 
in the middle of the thickness might be due to the plane strain condition. These cracks 
would also form eventually under spectrum A loading once the primary crack was 
sufficiently long; see Fig. 53.
The key observation in this section was that fractography measurements of 
transition points did not match those of bore observations with the traveling microscope. 
This is most likely due to the fact that the operators had difficulties obtaining accurate 
readings from this particular microscope. It is therefore recommended that a different 
microscope be used for future projects. Regardless of the difficulties experienced, a
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Figure 53 Cracks Forming in the L-T Plane on a Spectrum A Fracture Surface
range of life was still obtained, which showed how the material would behave under the 
given conditions, which was the main objective.
4.2.1 Aspect Ratios with Front and Back Surface Crack Comparisons 
The aspect ratio is a term used to describe how the crack in a bore compares to the 
crack on the surface of the specimen. Typically, the ratio is represented in the form a/ c, 
with a representing the bore crack and c representing the surface crack. In this study, the 
specimens started off with an EDM notch with an aspect ratio of a/ c= 0.667. After 
having conducted the precracking phase of the experiment, it was observed that the bore 
crack had grown much more rapidly compared to the surface crack. This is to be 
expected as it is well known in solid mechanics that a hole is a stress concentrator, with 
the largest stress tangent to the edge of the hole in the direction of the load. The range of 
aspect ratios for this study was 1.370 to 2.018 with an average of 1.789.
Once the bore crack went through thickness, the front crack growth rate decreased 
slightly until the crack, now forming on the back side of the specimen, caught up. Once 
the crack on the back side of the specimen reached a length similar to that of the crack on 
the front, the two cracks remained within 0.020 of an inch of each other. This suggests 
that the specimens were loaded correctly into the fatigue machine and no undesired 
loading conditions, such as torsion or bending, were occurring.
4.3 AFGROW Simulations 
When the AFGROW simulations were initially being developed, it was desired to 
know which material model would best simulate the test data. These models are used by
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the program to simulate how the crack will grow in the given material. Thus, 
comparisons for both spectra were done using the Forman equation, NASGRO equation 
and tablular lookup file with no retardation. Figs. 54 and 55 show the results of the 
comparisons. These results show two things; first, that the NASGRO equation correlated 
the best with the data, second, that very little retardation was occurring in the material. 
The only 17-7 PH heat treatment condition available in the NASGRO database was 
TH1050. The main difference between the TH1050 condition and the TH1100 condition 
the test specimens were supplied in was the tensile strength. The heat treatment 
specification for PH stainless steels, AMS 2759/3, states that TH1050 should have a min
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Figure 55 Spectrum B Material Database Comparison with Test Data
tensile strength of 180 ksi. [32] The average test specimen tensile strength was 
approximately 170 ksi, making the difference between the two conditions 10 ksi. Though 
the heat treatment condition in the NASGRO database differed from that of the actual test 
specimens, the predictions agreed very well with the test data.
The NASGRO equation uses material properties and a mathematical model to 
predict crack growth for a given material. The following is the NASGRO equation used 
in AFGROW. [30]
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where ^ a/^ N  is the crack growth rate; C, n, p, and q are empirically derived parameters, 
f  is the ratio of Kopover Kmax and R is the stress ratio. As mentioned previously, n was 
slightly increased from 3.4 to 3.45 because increasing the slope made the prediction 
conservative and conforms better to test data. See the AFGROW Users Guide for further 
details. [30]
The fact that very little retardation is occurring during testing is evident from the 
simulations. Most materials will experience some retardation when an overload occurs in 
the loading sequence. The degree o f retardation will vary depending on the material 
being used and the degree o f the overload. The degree o f  retardation observed in this 
study appears to be very little. For this reason, in order to obtain the best fit to the test 
data, no retardation models were used.
4.3.1 Spectra Combination Simulations 
To match the data for each type o f  combination test, two simulations were 
developed, one for the spectrum A portion of the curve and the other for the spectrum B 
portion. This was done by running the spectrum A portion o f the simulation until the 
transition point matched that of the test data. The spectrum B portion of the test was then 
simulated using the new front surface and bore crack lengths produced from the spectrum 
A portion of the simulation. The results of the two simulations were then combined in an 
Excel spreadsheet. Note that the aspect ratios o f  these simulations did not necessarily 
match that of the test data. These efforts focused on representing the front surface crack.
In these simulations, it was not necessary to change any of the NASGRO equation 
parameters. The main difference between the two portions of the crack simulation was 
that, to better match the spectrum A portion of the curve, the aspect ratios were not forced 





The main objective of this study was to better understand the sensitivity of 17­
7PH to the different spectra. The crack growth curves, fractographic examinations and 
AFGROW simulations provided the information necessary for users of this aircraft to 
better maintain the integrity of the structure. The following sections detail the 
conclusions obtained from each of those analyses performed. Now that a better 
understanding of the differences between the two spectra has been obtained, engineers 
can make alterations, based on the damage tolerant design philosophy, to maintenance 
practices, repair procedures and inspection intervals. This study showed that while the 
aircraft are under spectrum B type conditions, the component, in the location studied, will 
last for hundreds of thousands of effective flight hours. The alterations in procedures will 
reduce costs by eliminating unnecessary maintenance hours and inspections while 
maintaining the integrity of the aircraft.
5.1.1 Crack Growth Curve Conclusions 
The main takeaway from the crack growth curves is the degree to which the two 
spectra differ. Before this study was conducted, the differences in crack growth behavior
between spectra A and B were suspected but unvalidated. It is now known that usage, 
under spectrum B type conditions, is much more benign than that of spectrum A. Again, 
for a crack to grow 0.200 of an inch under spectrum B takes 18 times as long as spectrum 
A. The combination tests showed that once the transition to spectrum B occurred, it 
dominated in all cases. Thus, no matter what stage in life the aircraft may be in, if  the 
usage for that aircraft is spectrum B type conditions, the respective component’s integrity 
will not be compromised before inspections can occur.
5.1.2 Fractographic Examination Conclusions 
The fractographic examinations showed some distinct feature differences between 
the two spectra and the material itself. Spectrum A produced a fracture surface that had a 
significantly rougher appearance than that of spectrum B. Another key feature that was 
distinct for this material was the secondary cracks that formed in the fracture surface, 
preferentially in the middle thickness section. These cracks were predominately observed 
in the spectrum B fracture surface, but could be seen in the spectrum A fracture surface if 
the primary crack was sufficiently long. These examinations also showed that the bore 
crack measurements taken during the testing were not accurate, being off as much as
0.020 of an inch. Even though these inaccuracies occurred, the main objective of 
obtaining a range of life was achieved, the results of which were discussed in the 
previous section. The last observation obtained from the examinations has to do with the 
aspect ratios. The fatigue tests provided a wide range of aspect ratios, which complicated 
crack growth simulations.
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5.1.3 AFGROW Simulation Conclusions 
Simulations of crack growth for the 5 different types of tests were obtained. The 
NASGRO database, for 17-7PH, produced the best results of the different material 
databases. Initial simulations indicate that very little retardation of the crack growth 
occurred during testing. For the spectrum A baseline simulation, the n parameter had to 
be slightly adjusted from 3.4 to 3.45 to obtain a better fit. As far as the combination tests 
were concerned, the aspect ratios, for the spectrum A portion of the simulation, were not 
forced to remain constant to, once again, obtain a better fit. Also, the initial front surface 
crack size had to be slightly increased to 0.050 of an inch from 0.040 of an inch for the A 
+ B_2 and A + B_3 simulations. Doing so was necessary to better approximate the test 
data.
5.2 Recommendations 
The recommendations have been separated into the three following sections: test 
practices, potential future studies and current aircraft.
5.2.1 Test Practices
When preparing to perform a fatigue test, it is recommended that the operators 
take time to better understand and inspect the major components of the machine. During 
this study, the fatigue machine failed due to a hydraulic pump failure. If the pump had 
been inspected prior to testing, the deficiency may have been caught early and 
unnecessary delays would not have occurred. This was also true for the microscope that 
gave inaccurate measurements. Though those performing the testing had difficulty with 
the microscopes it was not known, until the fractographic examinations, that the
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measurements were inaccurate. Also, knowing the limitations of the machine will reduce 
the amount of error that can occur. In some instances, during this study, the loading rate 
was increased to accelerate the testing. Though the error remained within acceptable 
limits, it would have been better to continue with the reduced loading rate to better 
maintain the error
5.2.2 Potential Future Studies 
It is recommended that fatigue-prone systems, like aircraft, be continually 
monitored for failures. Loading conditions need to be observed, especially if usage has 
changed from that for which the system has been previously tested. Significant changes 
in usage should then be fatigue tested, as was done in this study, to determine the 
sensitivity of the materials in question to the changes in usage. From the data obtained, 
engineers can develop better models, based on the damage tolerant design philosophy, 
which empower them to make better determinations on how maintenance practices can be 
applied. As mentioned earlier, these types of studies can save time and money for the 
user by developing the more efficient maintenance practices while maintaining the 
integrity of the system and prolonging its life.
5.2.3 Current Aircraft 
Though the specific aircraft for this study was not mentioned, in order to 
generalize the study, it is recommended that the maintenance practices be adjusted 
appropriately based on the information given here in. It is now known that, while usage 
of the aircraft are spectrum B type conditions, the respective area on the aircraft will last
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significantly longer than when usage conditions more closely resemble that of spectrum 
A. Depending on the relationship between the normal usage and the alternative usage, 
this may provide economical relief to the operator while maintaining flight safety.
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APPENDIX A
TEST SPECIMEN FABRICATION PROCEDURES AND MATERIAL 
CERTIFICATION SHEETS
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PROCEDURE FOR FABRICATING THE TEST SPECIMENS
1. Northrop Grumman contracted Aero Specialties Material Corp. to machine and heat 
treat the specimens which they delivered on 6 November 2012.
2. Aero Specialties Material Corp. bought the raw materials from AK Steel Corp., on 14 
March 2012, who certified the chemical composition and material properties. The 
sampling used to determine chemical composition was done in accordance with ASTM E 
59, while the mechanical properties were determined in accordance with ASTM E 8 and 
ASTM A 370. Hardness of the material was determined using ASTM E 18. AMS 2371 
was used to maintain quality assurance during all of the above mentioned tests. 
Certifications for these tests are seen in the following Aero Specialties Material Corp. 
document.
3. Once Aero Specialties received the material from AK Steel Corp., they contracted 
Burton Industries Incorporated to perform the heat treatment process. The heat treatment 
process was done in accordance with AMS 2759/3 Rev E, Heat Treatment Precipitation- 
Hardening Corrosion-Resistant and Maraging Steel Parts. The heat treatment 
certifications are seen in following AK Steel Corp. documents. The test specimens were 
delivered on 5 November 2012.
4. The specimens were then all manufactured from sheets of the same heat with the grains 
running in the longitudinal direction of the specimens.
5. After the test specimens were heat treated and fabricated, they were sent to Lawrence 
Ripak Co., Inc. to shot peen both ends of the specimens in accordance with AMS 2430. 
The shot peened specimens were then delivered on 20 November 2012. Shot peening 
certification is seen in the following Lawrence Ripak Co. document.
6. After the test specimens were shot peened, they were sent to Western Professional, Inc. 
where the EDM of the notch was performed. Western Professional, Inc. provided the 
measurements of the notches in their respective documents below.
7. Once the fabrications of the test specimens were complete, Northrop Grumman 
performed their own testing to verify mechanical properties. The results of this testing 
showed that the test specimen material did indeed meet the 17-7PH AMS 2759/3 heat 
treat specification. The certification for this testing can be seen in the following Northrop 
Grumman Technical Services Laboratory document.
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N o rth ro p  G rum m an  C orpora tion  
Technical Services
925 South Oyster Bay Road -M/S UG3-26
Bethpagc, New York 11714
Tel: 516-575-3073; Fax: 516-575-9909
To: Michael Behring
From: Robert Fidnarick / Ken Grube
Subject:
Coupon Drawing GT270KB003-13, Coupons 1-33
Enclosures:
1) Drawing GT270KB003
2) Aero Specialties Material Corp Packing Slip with Material and Heat 
Treatment Certification for 17-7PH 150-170 ksi
3) Technical Service Laboratory Material Property Report
4) Lawrence Ripak Co. Inc Shot Peen Certification
5) Western Professional EDM notch data sheet with Memo for Coupon 3
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p a r t  n a m e /p a r t  n u m b e r  : Crack Growth Option 1 For Drawing GT270KB003
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FINDING OR RESULTS 
THE ABOVE MATERIAL IS : (V) SA TISFA CTO RY 1 1 UNSATISFACTORY I I INFORMATION ONLY
REMARKS
Properties Test Results Requirements, min.
Specimen Number 1 2 AVG
Tensile Strength, ksi 169.0 168.7 168.9 155 - 170
Yield Strenqth, ksi 156.6 156.9 156.8












AA/\ WESTERN PROFESSIONAL, INC. 3460 BRADY CT. NE SALEM, OR 97301 
PHONE (503)585-6263 
FAX (503)585-6577w s m t u i  \J\J\J
WWW. WESTPHOUB. DOM
www.westprolab.com
ULTRASONICS / PHASED ARRAY/EDM  
RESEARCH & DEVELOPEMENT
CUSTOMER: NORTHRUP GRUMMAN IT 
P.O. 7500109433 
S/N: PLATES 1 THRU 33 
SIZE: 16" X 4" X , 125"
HEAT #: UNKNOWN 
MATERIAL: 17-7 PH 
DWG#: GT270KB003 
DATE: 11-30-12
PLATE# DEPTH LENGTH WIDTH TYPE
18 .0253” .0374" .0041” CORNER NOTCH
19 .0206” .0305” .0037” CORNER NOTCH
20 .0200” .0298” .0037” CORNER NOTCH
21 .0209” .0308” .0038” CORNER NOTCH
22 .0209” .0293” .0038” CORNER NOTCH
23 .0207” .0328” .0039” CORNER NOTCH
24 .0222” .0347" .0036” CORNER NOTCH
25 .0213” .0313” .0041” CORNER NOTCH
26 .0211” .0316” .0039” CORNER NOTCH
27 .0205” .0308" .0039" CORNER NOTCH
28 .0206" .0313” .0038" CORNER NOTCH
29 .0202” .0313” .0037” CORNER NOTCH
30 .0208” .0311” .0043” CORNER NOTCH
31 .0219” .0330" .0041” CORNER NOTCH
32 .0203” .0290” .0043” CORNER NOTCH
33 .0217” .0333" .0043” CORNER NOTCH
PLATE# DEPTH LENGTH WIDTH TYPE
1 .0201” .0297” .0044” CORNER NOTCH
2 .0209” .0317” .0043” CORNER NOTCH
*3 .0217” .0313” .0040" CORNER NOTCH
4 .0217” .0342” .0041” CORNER NOTCH
5 .0201” .0307" ,0044” CORNER NOTCH
6 .0202” .0285” .0044” CORNER NOTCH
7 .0206” .0304” .0041" CORNER NOTCH
8 .0215” .0303" .0041” CORNER NOTCH
9 .0202” .0295” .0043” CORNER NOTCH
10 .0215" .0314” .0043" CORNER NOTCH
11 .0209" .0296” .0039” CORNER NOTCH
12 .0208” .0309” .0039” CORNER NOTCH
13 .0205" .0304" .0040” CORNER NOTCH
14 .0209” .0321" .0039” CORNER NOTCH
15 .0224" .0331” .0041” CORNER NOTCH
16 ,0220” .0331” .0041" CORNER NOTCH
17 .0206” .0304” .0037" CORNER NOTCH
* SEE ATTACHED NOTE
NOTE: SEE ATTACHED CUSTOMER DRAWING FOR NOTCH REQUIREMENTS AND LOCATION.
ALL DIMENSIONS ARE MEASURED WITH DIMENSIONAL EQUIPMENT WHICH IS FABRICATED BY: S. CHAMBERLAIN
CERTIFIED AND TRACEABLE TO NIST (#708) #5084918 AND NIST (#783183)
#5830553. NUCLEAR REGULATORY COMMISSION RULES AND REGULATIONS 10
CFR PART 21 APPLIES TO THIS ORDER, ALL NOTCHES MANUFACTURED PER APPROVED BY
WESTPRO PROCEDURE WQC-IV.
NORTHRUP GRUMMAN IT  PO# 7500109433 TEST SPECIMENS PAGE 1 OF 1
'O
Crack growth Option 1 12/4/2012











1 0.125 4.003 0.157
2 0.125 4.003 0.156
3(1) 0.125 4.003 0.164
4 0.125 4.002 0.156
5 0.125 4.003 0.156
6 0.125 4,003 0.156
7 0.125 4,003 0.156
S 0.125 4,003 0.156
9 0.125 4.004 0.156
10 0.125 4.002 0.156
11 0.125 4.002 0.156
12 0.125 4.004 0.156
13 0.125 4.004 0.156
14 0.124 4.002 0.156
15 0.125 4.003 0.156
16 0.124 4.001 0.156








18 0.125 4.004 0.156
19 0.125 4.002 0.156
20 0.125 4.004 0.156
21 0.124 4.001 0.156
22 0.124 4.004 0,156
23 0.124 4.005 0.156
24 0.125 4.002 0.156
25 0.125 4.003 0.156
26 0.125 4.002 0.156
27 0.124 4.004 0.156
28 0.125 4.001 0.156
29 0.124 4.001 0.156
30 0.124 4.004 0.156
31 0.125 4.002 0.156
32 0.124 4.001 0.156
33 0.125 4.003 0.156
Note:
? required notch. It was removed by drilling the hole to  .164 inches.
The new EDM notch measures .027 inches in length.
APPENDIX B
POLISHING, REAMING AND SEM PROCEDURES
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PROCEDURE FOR POLISHING SURFACE OF TEST SPECIMENS
1. A progression of 500, 800 and 1200 grit sandpaper was used to remove the mill finish.
2. A Struers Tanspol-2 polisher was then used with a progression of polishing paste of 3 
micron and 1 micron to polish the surface from the 1200 grit sand paper.
PROCEDURE FOR REAMING THE BORE OF THE TEST SPECIMENS
1. Find the center of the hole using a hole dial indicator mounted in the spindle of the 
mill.
2. Using a 15/64” drill bit, drill out the bore starting on the opposite side of where the 
precrack is located. This will help prevent the bit from catching on the crack. [26] The 
spindle, in high gear, was set at a speed of 700 rpm.
3. Using a 12 straight flute 0.25” reamer, slowly ream out the bore also starting on the 
side opposite the precrack. The spindle, in low gear, was set at 80 rpm.
PROCEDURE FOR POLISHING THE BORE OF THE TEST SPECIMENS
1. Use a 84922 silicon carbide sanding stone to remove reaming marks
2. Use a 462 rubber polishing cone point to remove the defects created by the sanding 
stone.
3. Apply 3 micron polishing paste to a polishing cloth wrapped around a 402 rotary tool 
mandrel.
PROCEDURE FOR USING THE SEM
1. Turn on the chiller to the SEM and wait for it to reach a temperature of 68°F.
2. Turn on power to the SEM.
3. Place the specimen in the vibrating cleaner containing a lacquer solution for 10 
minutes.
4. Replace the lacquer solution with one of alcohol for another 10 minutes.
5. Release the vacuum from the observation chamber.
6. Using rubber gloves, place the cleaned specimen into the holding mount, close the 
chamber and turn on the vacuum pump.
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7. Once the vacuum indicator signals that conditions are sufficient, the electron beam is 
turned on.
8. Adjust the focus, contrast and brightness until the image is clear. Initially keep a 
working distance of 15 to 20 mm to obtain a wide view of the surface.
9. Pick a desired location on the surface and magnify the image to 3,000X to 4,000X and 
focus the image. This will help produce higher quality pictures at smaller magnifications.
10. Once the image is focused, zoom back out to obtain the widest view desired.
11. Progressively take pictures by incrementally increasing the magnification until the 
desired amount of detail is obtained.
12. Once the examinations are complete, turn off the electron beam and the pump to 
release the vacuum from the observation chamber.
13. Using rubber gloves, open the observation chamber and remove the specimen.
14. Close the observation chamber and turn on the pump once more. This will help 
prevent contaminants from entering the chamber.
15. Once the observation chamber has sufficient vacuum applied, the power may then be 
turned off to both the SEM and chiller.
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Flow Rate: 50 GPM (each), 100 GPM total 
Pressure: 3000 psi
History: Designed and implemented by SwRI staff in the 1980’s; not a 
commercially produced system.
Primary Cooling: refrigerant based heat exchanger 
(compressor/evaporator).













SATEC 55 Kip 185480-3
FTA version: V3.12.08
Traveling Microscopes
Magnification Scope: Gaetner Scopes (2 per test fram); 10X eyepiece, 38mm
EFL
Measurement Device: 6” Digital Scales (certification provided by SwRI
calibration laboratory; annually)
Mounting Hardware: SwRI custom brackets anchored to frame posts
Testing Procedures
The overall test setup included a fatigue rated test frame, matching load cell rated to the 
frame capacity, hydraulic wedge grips (flats), a MTS 458 analog controller, and a 
Windows based software package from Fracture Technology Associates (FTA). The 
system is a closed-loop command-feedback system and commonly used in the fatigue 
testing community. The specific application within the FTA software package was the 
variable amplitude fatigue crack growth option. FTA is based in Bethlehem, PA and 
owned and operated by Mr. Keith Donald (www.fracturetech.com). The Solid and 
Fracture Mechanics Laboratory has been using the FTA software for fatigue testing for 
the past 20+ years.
The FTA variable amplitude software utilizes a read-in approach for application of 
variable amplitude loading. The software has multiple options with regards to spectrum 
file format. For the testing performed herein, the files were provided in sequential format 
(max, min, max, min, etc.) and the maximum stress for the spectrum. During the
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software read-in, it is determined whether or not the spectrum is an acceptable form and a 
simple summary of the spectrum is provided (number of points, maximum value within 
the spectrum, etc). During the test setup, the maximum load corresponding to the 
maximum stress is inputted and from there all of the spectrum file endpoints are scaled 
accordingly.
The FTA software is adaptive and learns during the first spectrum pass. A matrix is 
established for the particular spectrum content and loading parameters for the current test. 
The matrix contains information regarding the command signal needed for the multitude 
of loading segments within the spectrum file. During the first pass of the spectrum the 
matrix is populated with parameters associated with the command parameters and are 
used during subsequent passes as the test progress. In addition, the matrix is updated as 
specimen compliance changes thus requiring command parameter changes.
The backbone of variable amplitude testing is how well the system can achieve the target 
load level during each cycle; for spectra that have rather aggressive and deviating 
content, this becomes extremely important. The FTA system monitors the target and 
feedback values during the course of a test as a way to monitor and assess the 
performance. An absolute voltage level is entered as a parameter into the system as an 
acceptable threshold. Any difference between the target and feedback that is greater than 
this value and the event is archived in a file correlate to that test. It is important to note 
that this approach is an absolute difference (voltage) and not a relative difference (%). 
During the setup of a test and establishing the control parameters, the threshold value can 
be set to 0 volts such that every event is logged and can be post-test assessed to establish 
a history of error for a multiple spectrum passes. Furthermore, this history can be the 
basis for whether or not the current parameters are acceptable in terms of system 
performance and the frame is able to maintain under a certain acceptable amount of 
target/feedback error.
The FTA software controls test rate by utilizing both load rate and frequency as 
controlling parameters. The overall rate is bounded by these two parameters by inputting 
upper limits for both in terms of volts/time (loading rate) and frequency (cyclic rate). 
The system operates within these two bounds and depending the current cyclic content of 
the spectrum, is typically governed by one or the other. For example, during extreme 
events in a spectrum, the frequency limit may not be achievable and thus the loading rate 
becomes the controlling parameter during application of those events. Similarly, during 
low excursion events in a spectrum, the system may be easily able to handle a higher 
loading rate but is bound by an upper limit frequency. As previously mentioned, these 
two rate parameters are established during pretest exercises and are dependent on: the test 
frame, the spectrum content, coupon material, coupon geometry, load frame compliance, 
and acceptable error between target and feedback. During the testing of the 17-7PH SS, 
the frame was evaluated based on the above considerations when establishing the loading
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rate and frequency limits. For the 17-7PH SS testing, the limits were 100 kips/sec and 20 
Hz.
Testing was executed by the Solid and Fracture Mechanics technical staff with guidance 
and test documentation provided by a test engineer. The technical personnel are 
responsible for test frame setup which includes configuration of the proper load train 
components (connections, grips, etc), integration of the control hardware, and overall 
shakedown of the system after setup.
Alignment of the grips was based on ASTM E1012 and involves the use of a strain gaged 
alignment coupon to determine the amount of bending (misalignment) for an uniaxial 
setup. The alignment consists of four strain gages with two on each side at the mid­
length location. On each side, the gages are placed at the 1/3 and 2/3 width locations 
such that there is an opposing pair on the front and back. During the alignment process, 
the strain gaged coupon is rotated and flipped to the four possible configurations and a 
post-exercise evaluation summarizes the in-plane and out-of-plane bending for those four 
orientations. The objective is get all of those below a certain level; ASTM recommends 
less than 5% while the Solid and Fracture Mechanics Lab typically seeks for 2% or less. 
If the results of the analysis indicate unsatisfactory alignment, adjustments are made to 
the load train for correction until an acceptable level is achieved. Once aligned, the load 
is not altered during the course o f testing. It is important to note that the alignment 
approach does not take into account specimen to specimen variability. The frame is 
aligned by using an alignment coupon and not adjusted thereafter unless the load train has 
to be dissembled in anyway.
Prior to applying spectrum loading to a test article, the FTA system is configured to feed 
itself the command signal (essentially the load frame is taken out of the control-feedback 
loop). During this step, the spectrum is fed through the system to ensure the file is read 
correctly and there are no errors during a pass. Once complete and checked out, the 
frame is reinserted into the loop and the setup is considered ready for testing.
The operation of the FTA system is rather straight forward regards to performing a test. 
The software steps through a series of inputs needed to configure a test. After completing 
this task, they are reviewed and confirmed for the current test in the frame. FTA has 
multiple options regarding startup and SwRI has historically used a soft-start in which it 
requires approximately 10 cycles to full achieve the full amplitude control (in analog this 
would be full span). In simpler terms, the test does not start out going to target end-point 
but instead gradually ramps up over the course of a few cycles. During a test stop/halt, 
the frame will go to a predetermined hold level defined by a voltage input. The lab 
historically has set this value to correspond to 100-200 lbs of tensile load. The frame will 
go to this level during both a manual stop and an interval stop (reaching a certain crack 
length or cycle count as examples). This go to hold level is chosen such that the applied
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load during the hold has no potential to induce load history effects into the test history. 
During the course of these testing, technicians were responsible for crack length 
measurements which happened multiple times a day during the work week. During the 
weekends, on occasion there was a technician available to monitor the test and maintain 
cycling. However, during a non-active weekend, the specimen would hold at the input 
level until a technician addressed the frame.
Both surface (c) and bore (a) measurements were made during the test effort. Traveling 
microscopes were used to monitor and measure crack lengths. Surface measurements 
were rather straightforward with the scope and travel setup orthogonal and perpendicular 
to the face of the coupon. Bore measurements, however, were accomplished by angling 
the scope into the bore and making the required geometric corrections to account for the 
non-orthogonal measurement by the angled view.
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Figure 56 50 kip Instron Fatigue Machine
110
Figure 57 Close up of Measurement Equipment
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P.O. Number: CO 8616 Ambient Temperature : 79.3 °F
C ontact: Cody Hone
Readout Verified
1. Digital Readout (in)
Certification Statement
This certifies that the displacements verified with machine indicator 1 (listed above) were verified by Instron in 
accordance with Instron work instruction ICA-8-G7.
The acceptable field calibration tolerance for certification is ± 1.0% full travel for Instron machines. For other 
machines, check the manufacturers specifications.
M ethod of Verification
The verification and equipment used conform to a controlled Quality Assurance program which meets the 
specifications outlined in ANSI/NCSL Z540-1, ISO 10012, ISO 9001:2008, andlSO/lEC 17025:2005. The Instron 
measurement equipment used for verification is traceable to NIST.
The testing machine was verified on-site at customer location. The testing machine was verified in the 'As Found1 
condition with no adjustments or repairs carried out. This is also the 'As Left' condition.
The results indicated on this certificate and report relate only to the items venfied. If  there are methods or data included that are not 
covered by the NVLAP accreditation it will be identified in the comments. Any limitations of use as a result of this verification will 
be indicated in the comments. This report must not be used to claim product endorsement by NVLAP or the United States 




EXAMPLE OF PRECRACK CALCULATIONS
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DIMENSIONS REQUIRED FOR CALCULATIONS 
Crack Length in Hole (a) = 0.0510 in,Crack Length on Surface (c) = 0.0765 in, 
Thickness (t)= 0.1250 in, Hole Diameter (d) = 0.1570 in, Hole Radius (r) = 0.0785 in, 
Specimen Width (W) = 4.003 in, b = w/2 = 2.002 in
PRELIMINARY STEP CALCULATIONS 
a/ c =  0.667, Q =  1 +  1.464 ( a/ c1'6S)  =  1-750, a/ t  =  0.408, r/ t  =  0.628
CONSTANTS AND APPLIED STRESS
for tension loads ^ =  0.85, for single crack n  =  1, S t  =  15.4 ksi,  bending correction 
factor Hch =  0 since there are no bending stresses
MAIN EQUATIONS FOR CALCULATING THE STRESS INTENSITY IN A SINGLE
CORNER CRACK OF A HOLE
1/4 a c \  j /4  ac\
K°ne crack = + 2 f r ) /  W + tr )  KtW0 CraCkS
^two cracks = (St + HchSb) J ^ F ch (~c , f , \ , \ , \ \ , $ )
for 0.2 <  a/ c < 2, a/ t < 1,0.5 <  r/ t < 2 ,(r +  c )/^  <  0.5, and 0 <  0  <  n / 2
Fch = Mi +  M2 Q  + M3 Q  ] g 1g2gsg4f<pfw
for a/ c < 1 :  M1 =  1.13 -  0 .09(a/ c), M2 =  -0 .5 4  +  0 .89 /(0 .2  +  a/ c), 
M3 =  0.5 -  1 /(0 .6 5  +  a/ c) +  14(1 -  a/ c) 24,
g i  =  1 +  [0.1 +  0 .35(a/ t) 2] ( 1 -  sin 0 )2,
1 +  0.3581 + 1.425A2 -  1.578A3 + 2.156A4 
9 2  =  1 + 0.1322 ,
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where A =  1 /(1  +  c/r  cos(u0)), 
g 3 =  (1 +  0 .0 4 a/ c)[1 + 0.1(1 -  c o s 0 )2][O.85 + .15(a/ c) 1/4], 
g 4 =  1 -  0 .7 (1 -  a/ t ) (a /c -  0 .2)(1  -  a /c) , =  [(a /c)2 (cos0 )2 + (s in 0 )2] 1/4
/w = j sec @  sec
n ( 2 r  +  nc) a
4(6 — c) + 2nc^  t
1/2
These equations were input into an Excel spread to calculate the max stress intensities. 
Knowing the applied stress with the stress intensities the plastic zone sizes could then be 
calculated. The following is a printout of the spreadsheet used for the calculations.
Stress Intensity Solution of a Corner Crack From a Hole
Dimensions
a= 0.0510 in Ml= 1,07
0.0765 in M2= 0.486923
t= 0.1250 in M3= -0.25949
d= 0.1570 in g4= 0.935538












c a k St Plastic (in)
0.091 0.061 11.0 15.4 0.005
0.084 0.056 13.2 19.2 0.0075
0.075 0.05 17,1 24 0.011
0.06 0.04 19.7 30 0.0145
0.045 0.03 22.2 37.5 0.018 
0.03 0.020
Fch= f<t>= Si= g2= A= 4>= K two K one Deg
1.450 0.816 0.996 1.436 0.506 1.158 0.000 6.755 6.340244 0
1.421 0.818 0.996 1.437 0.507 1.132 0.087 6.621 6.214858 5
1.404 0.824 0.996 1.440 0.509 1.108 0.175 6.541 6.139361 10
1.397 0.833 0.996 1.445 0.513 1.087 0.262 6.510 6.110445 15
1.400 0.845 0.996 1.452 0.518 1.069 0.349 6.525 6.124361 20
1.412 0.859 0.997 1.462 0.524 1.053 0.436 6.581 6.177512 25
1.433 0.874 0.998 1.475 0.532 1.040 0.524 6.677 6.266933 30
1.461 0.890 0.999 1.490 0.542 1.029 0.611 6.808 6.390613 35
1.497 0.906 1.001 1.509 0.553 1,020 0.698 6.976 6.547671 40
1.541 0.922 1,004 1.531 0.566 1.014 0.785 7.179 6.738468 45
1.592 0.937 1.008 1.559 0.582 1.009 0.873 7.420 6.964716 50
1.653 0.951 1.014 1.591 0.600 1.005 0.960 7.702 7.229661 55
1.723 0.963 1.021 1.630 0.620 1.003 1.047 8.031 7.538384 60
1.806 0.974 1.029 1.678 0.643 1.001 1.134 8.415 7.898313 65
1.902 0.983 1.039 1.736 0.669 1,001 1,222 8.864 8.320011 70
2.016 0,991 1.050 1.807 0.699 1,000 1,309 9.395 8,818406 75
2.152 0.996 1.064 1.895 0.733 1.000 1,396 10.030 9.414656 80
2.318 0.999 1.079 2.007 0.771 1.000 1.484 10.802 10,139 85
2.523 1.000 1.095 2.148 0.815 1.000 1.571 11.757 11.03517 90




PROCEDURES FOR AFGROW ANALYSIS
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STEP BY STEP PROCESS TO USE AFGROW BASED ON THE GUIDELINES 
PREPARED BY THE UNITED STATES AIR FORCE [31]
1. Create Title: Brief description of model.
2. Select Material: This analysis used a file containing material properties and 
parameters for the Forman equation to simulate the 17-7PH in the AFGROW 
program. The information in the file is a general guide and some material properties 
may need to be adjusted based on manufacturing thicknesses or other factors. 
Reference the Metallic Materials Properties Development and Standardization 
(MMPDS) to verify correct material properties.
3. Create Model: From a selection of “Classic Models”, choose the appropriate 
geometric model. For this analysis, the “Single Corner Crack at Hole” model was 
chosen.
a. Enter problem geometric factors including: thickness, width, hole diameter, initial 
flaw size (IFS), offset, etc.
i. Check: keep A/C constant
ii. Uncheck: Oblique through crack
iii. IFS: Unless otherwise specified, the initial flaw size should be the same in 
both the “A” and “C” directions. For this analysis an average of the 
precrack sizes, for each type of test conducted, were used.
b. Select Load Type: Ratio of tension or bearing stress to reference stress must be 
input for each load case (tension stress fraction = 1.0 if bearing stress is zero). 
The test for this analysis was purely tensile.
4. Open Spectrum File: For this analysis the A and B spectrum files, specifically created 
to be used in AFGROW, were utilized. AFGROW require that the files be 
normalized with the greatest value given a value of 1.0 and all other loads be 
represented as a fraction of the highest load.
a. Stress Multiplication Factor (SMF): Enter the max stress of the spectrum. Since 
the values in the spectrum files are representative of loads the SMF had to include 
a conversion factor to make the values in the spectrum files convert to stresses.
5. Select a Retardation Model: For this analysis several retardation models were 
attempted to obtain the best fit to the test data.
6. Predict Function Preferences: Used for establishing various analysis criteria and 
outputs.
a. Select Growth Increments: Cycle by Cycle Beta and Spectrum calculation. Use a 
Max Growth Increment of 0.25%
b. Enter Output Intervals: Specify crack growth increments. Increment = 0.01”
i. Enter Number of Hours per Pass: Conversion factor for calculating 
effective flight hours (EFH) from segment count.
c. Select Output Options: Typically the user will select the data file and plot file 
options for crack growth data.
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d. Select Propagation Limits: Unless otherwise specified use the Kmax and the Net 
Section Section Yield failure criteria.
i. If using Forman, as was done for this analysis, select User-Defined Kmax and 
enter an appropriate value for the material.
e. Enter Transition to Through Crack: Use default unless otherwise specified.
7. Select Stress State: Use default unless otherwise specified.
8. Select Beta Criteria: Use AFGROW standard solution betas for standard geometries.
9. At this point the user is ready to run the analysis.
APPENDIX G
CRACK GROWTH DATA SHEETS
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GT270KB003-13-1 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.125 in. Area: 0.500 in
Pre-crack Information
Pre-crack Date: 5/31/13 
Hole Dia.: 0.156 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0295 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 1057 37.5
2 13 420 30
3 15 550 24
4 20 1000 15.4
5 18 1279 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1075
9800 37.5 13 0.1093
26564 37.5 13 0.1118
47564 30 13 0.1218
84580 24 15 0.1353
118698 19.2 15 0.1407
274222 15.4 18 0.1551
Experiment Information
Exp. Date: SwRI 01/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. A & B1 Loading Rate: 100 kip/s Hole Dia.: 0.256 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.059 in. Bore Crack: 0.084 in.
Experiment Run Data
Spectrum EFH
Crac k Length (in.)
CommentsFront Bore Back
A 0 0.059 0.084
286.89 0.060 0.091




456292.90 0.088 0.125 0.020
503432.50 0.090 0.032
549199.10 0.093 0.042
Continued on the next page
124
Spectrum EFH
Crac k Length (in.)
CommentsFront Bore Back




This sample was tested twice. The first test was conducted before the transition points 
were changed and the bore crack only grew to 0.084 inches. Since the new transition 
point was changed to a range of 0.090 to 0.095 inches the test was ran a second time. 
The table here represents the data gathered from the test conducted by SwRI. Due to the 
lack of data during testing of spectrum A this data was not used for analysis purposes.
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GT270KB003-13-2 Fatigue Crack Growth Data Sheet
Width: 4.001 in. Thick: 0.124 in. Area: 0.496 in
Pre-crack Information
Pre-crack Date: 6/3/13 
Hole Dia.: 0.155 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0293 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 544 37.5
2 15 1341 24
3 18 913 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1068
34020 37.5 13 0.1208
55159 30 13 0.1346
90705 24 15 0.1535
120816 19.2 15 0.1612
167765 15.4 18 0.1677
Experiment Information
Exp. Date: SwRI 01/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. A Loading Rate: 100 kip/s Hole Dia.: 0.249 in.
Max Stress (Sp. A): 21.953 ksi Surface Crack: 0.046 in. Bore Crack: 0.063 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back












Continued on the next page
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Crac k Length (in.)
Spectrum EFH Front Bore Back Comments
































GT270KB003-13-3 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.125 in. Area: 0.500 in2
Pre-crack Information
Pre-crack Date: NA Loading Condition: Constant Amplitude R=0.05
Hole Dia.: 0.164 in. Surface EDM: 0.0295 in.
Test coupon was manufacture with an oversized hole. The coupon was used as a trial 
specimen for setting up the machine. The information for this coupon is not valid.
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GT270KB003-13-4 Fatigue Crack Growth Data Sheet
Width: 4.001 in. Thick: 0.1245 in. Area: 0.498 in2
Pre-crack Information
Pre-crack Date: 6/4/13 Loading Condition: Constant Amplitude R=0.05
Hole Dia.: 0.157 in. Surface EDM: 0.033 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 986 37.5
2 15 1556 24
3 18 NA 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1115
33814 37.5 13 0.1271
53933 30 13 0.1430
90716 24 13 0.1565
125924 19.2 15 0.1657
164676 15.4 15 0.1803
This specimen was not used for testing due to the fact that the precrack grew longer than 
the previously determined range.
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GT270KB003-13-5 Fatigue Crack Growth Data Sheet
Width: 4.004 in. Thick: 0.125 in. Area: 0.501 in
Pre-crack Information
Pre-crack Date: 6/4/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0298 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 1977 37.5
2 15 1923 24
3 18 2940 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1083
32759 37.5 13 0.1233
54099 30 13 0.1397
92092 24 15 0.1529
128284 19.2 15 0.1620
173327 15.4 18 0.1687
Experiment Information
Exp. Date: 2/11/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. A Loading Rate: 400 to 500 kip/s Hole Dia.: 0.253 in.
Max Stress (Sp. A): 21.953 ksi Surface Crack: 0.046 in. Bore Crack: 0.082 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back
A 0 0.046 0.082 500 kip/s
4497.77 0.048 0.082
25347.35 0.069 0.098
45425.05 0.090 0.116 Reduced to 
400 kip/s 
due to limit 
trip






GT270KB003-13-6 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.125 in. Area: 0.500 in
Pre-crack Information
Pre-crack Date: 6/5/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0298 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 1116 37.5
2 15 1722 24
3 18 2452 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1083
30533 37.5 13 0.1241
49551 30 13 0.1375
82597 24 15 0.1521
122787 19.2 15 0.1625
168845 15.4 18 0.1681
Experiment Information
Exp. Date: 9/6/13 Loading Condition: Variable Amplitude
Exp. Type: Spec. A&B1 Loading Rate: 100 to 150kip/s Hole Dia.: 0.256 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.036 in. Bore Crack: 0.064 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back













GT270KB003-13-7 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.1245 in. Area: 0.498 in2
Pre-crack Information
Pre-crack Date: 6/6/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0253 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 350 37.5
2 15 832 24
3 18 410 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1038
38424 37.5 13 0.1187
62624 30 13 0.1330
106732 24 15 0.1478
154756 19.2 15 0.1568
219891 15.4 18 0.1637
Experiment Information
Exp. Date: 8/24/13 Loading Condition: Variable Amplitude
Exp. Type: Spec. A Loading Rate: 100 to 150kip/s Hole Dia.: 0.253 in.
Max Stress (Sp. A): 21.953 ksi Surface Crack: 0.040 in. Bore Crack: 0.076 in.
Experiment Run Data
Crack Length (in.)
Spectrum EFH Front Bore Back Comments
A 0 0.040 0.076 100 kip/s
2859.62 0.041 0.077
5260.20 0.041 0.077 150 kip/s
22985.25 0.053 0.092
39056.60 0.067 0.106







Continued on the next page
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Crack Length (in.)
Spectrum EFH Front Bore Back Comments






258654.02 0.846 0.862 Rebalance
265458.86 0.905 0.921 Load Cell
279101.18 1.020 1.035 Rebalance
298946.59 1.262 1.275 Load Cell
306206.81 1.378 1.374
311863.55 1.498 1.491 Back
317324.04 1.683 1.664 Microscope
318635.21 1.771 1.796 Malfunction
318796.41 1.869 1.869
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GT270KB003-13-8 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.124 in. Area: 0.496 in
Pre-crack Information
Pre-crack Date: 6/6/13 
Hole Dia.: 0.156 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0279 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 937 37.5
2 15 1700 24
3 18 383 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1059
38130 37.5 13 0.1227
60172 30 13 0.1369
97933 24 15 0.1527
138001 19.2 15 0.1610
191535 15.4 18 0.1664
Experiment Information
Exp. Date: 2/10/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. A&B1 Loading Rate: 200 to 500 kip/s Hole Dia.: 0.256 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.034 in. Bore Crack: 0.079 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back






B 0 0.061 0.094






GT270KB003-13-9 Fatigue Crack Growth Data Sheet
Width: 4.004 in. Thick: 0.1245 in. Area: 0.498 in
Pre-crack Information
Pre-crack Date: 6/11/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0275 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 688 37.5
2 15 1924 24
3 18 223 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1060
34752 37.5 13 0.1222
57045 30 13 0.1359
94318 24 15 0.1507
136224 19.2 15 0.1603
201320 15.4 18 0.1679
Experiment Information
Exp. Date: 9/14/13 Loading Condition: Variable Amplitude
Exp. Type: Spec. A&B2 Loading Rate: 100 kip/s Hole Dia.: 0.255 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.041 in. Bore Crack: 0.069 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back












GT270KB003-13-10 Fatigue Crack Growth Data Sheet
Width: 4.002 in. Thick: 0.124 in. Area: 0.496 in
Pre-crack Information
Pre-crack Date: 6/11/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0275 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 2575 37.5
2 15 327 24
3 18 881 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1060
35670 37.5 13 0.1214
60268 30 13 0.1388
87563 24 15 0.1510
120311 19.2 15 0.1599
174995 15.4 18 0.1680
Experiment Information
Exp. Date: 9/19/13 Loading Condition: Variable Amplitude
Exp. Type: Spec. A&B2 Loading Rate: 100 kip/s Hole Dia.: 0.255 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.043in. Bore Crack: 0.075 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back













GT270KB003-13-11 Fatigue Crack Growth Data Sheet
Width: 4.001 in. Thick: 0.124 in. Area: 0.496 in
Pre-crack Information
Pre-crack Date: 6/12/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0263 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 841 37.5
2 15 539 24
3 18 1133 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1048
42758 37.5 13 0.1199
69354 30 13 0.1347
108354 24 15 0.1489
158150 19.2 15 0.1581
230195 15.4 18 0.1662
Experiment Information
Exp. Date: SwRI 01/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. A&B2 Loading Rate: 100 kip/s Hole Dia.: 0.251 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.166in. Bore Crack: 0.084 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back










413096.10 0.060 0.125 0.005
458852.20 0.063 0.022
Continued on the next page
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Crac k Length (in.)
Spectrum EFH Front Bore Back Comments





















Due to the uncertainty that occurred during the data recording with this test specimen the 
data was not used for analysis purposes.
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GT270KB003-13-12 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.125 in. Area: 0.500 in
Pre-crack Information
Pre-crack Date: 6/14/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0263 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 1933 37.5
2 15 575 24
3 18 853 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1048
33275 37.5 13 0.1228
53135 30 13 0.1363
80881 24 15 0.1494
109655 19.2 15 0.1586
154643 15.4 18 0.1644
Experiment Information
Exp. Date: SwRI 01/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. A&B3 Loading Rate: 100 kip/s Hole Dia.: 0.253 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.043in. Bore Crack: 0.079 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back












Continued onto next page
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Crac k Length (in.)
Spectrum EFH Front Bore Back Comments















GT270KB003-13-13 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.1245 in. Area: 0.498 in
Pre-crack Information
Pre-crack Date: 6/17/13 
Hole Dia.: 0.157 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0275 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 13 1299 37.5
2 15 495 24
3 18 1686 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1060
43161 37.5 13 0.1237
63551 30 13 0.1359
100966 24 15 0.1513
141206 19.2 15 0.1602
197463 15.4 18 0.1671
Experiment Information
Exp. Date: 2/17/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. A&B3 Loading Rate: 100 kip/s Hole Dia.: 0.252 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.042in. Bore Crack: 0.080 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back











GT270KB003-13-14 Fatigue Crack Growth Data Sheet
Width: 4.001 in. Thick: 0.124 in. Area: 0.496 in2
Pre-crack Information
Pre-crack Date: 6/17/13 
Hole Dia.: 0.158 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0295 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 10 2400 37.5
2 15 524 24
3 18 337 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1085
37026 37.5 10 0.1248
59778 30 10 0.1379
103860 24 15 0.1539
144403 19.2 15 0.1620
204573 15.4 18 0.1684
Experiment Information
Exp. Date: 8/23/13 Loading Condition: Variable Amplitude
Exp. Type: Spec. A&B3 Loading Rate: 100 kip/s Hole Dia.: 0.255 in.
Max Stress (Sp. A&B): 21.953 ksi Surface Crack: 0.043in. Bore Crack: 0.075 in.
Experiment Run Data
Spectrum EFH
Crac c Length (in.)
CommentsFront Bore Back





B 0 0.073 0.125 0.016 75 kip/s
10111.42 0.073 0.019
21657.97 0.074 0.024 100 kip/s







GT270KB003-13-15 to 26 Fatigue Crack Growth Data Sheets
These test specimens were reserved for another test and are not included in this report.
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GT270KB003-13-27 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.124 in. Area: 0.496 in2
Pre-crack Information
Pre-crack Date: 7/16/13 Loading Condition: Constant Amplitude R=0.05
Hole Dia.: 0.157 in. Surface EDM: 0.0295 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 10 672 37.5
2 15 451 24
3 18 2362 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1080
35244 37.5 10 0.1276
53520 30 10 0.1423
80243 24 15 0.1564
103940 19.2 15 0.1624
216223 15.4 18 0.1624
This specimen was not used for testing due to the fact that the experimenter induced a 
large load between the second to the last and last load shedding step. He did so in an 
attempt to obtain a more accurate measurement of the crack. During the last load 
shedding step the experimenter observed that the crack was not growing and concluded 
that the crack must have arrested.
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GT270KB003-13-28 Fatigue Crack Growth Data Sheet
Width: 4.001 in. Thick: 0.124 in. Area: 0.496 in
Pre-crack Information
Pre-crack Date: 7/17/13 
Hole Dia.: 0.156 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0268 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 10 1000 37.5
2 15 450 24
3 18 1605 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1048
38424 37.5 13 0.1187
62624 30 13 0.1330
106732 24 15 0.1478
154756 19.2 15 0.1568
219891 15.4 18 0.1637
Experiment Information
Exp. Date: NA Loading Condition: Variable Amplitude
Exp. Type: Spec. B Loading Rate: 80 to 100kip/s Hole Dia.: 0.255 in.
Max Stress (Sp. B): 21.953 ksi Surface Crack: 0.044 in. Bore Crack: 0.089 in.
Experiment Run Data
Crack Length (in.)
Spectrum EFH Front Bore Back Comments
B 0 0.044 0.089 100 kip/s
166891.79 0.051 0.097
451462.59 0.071 0.121




1456623.43 0.169 0.176 80 kip/s
1659405.86 0.196 0.207 Had to slow
1888527.57 0.230 0.243 down due
2043777.40 0.254 0.270 to high
2250640.59 0.290 0.307 error










GT270KB003-13-29 Fatigue Crack Growth Data Sheet
Width: 4.001 in. Thick: 0.124 in. Area: 0.496 in
Pre-crack Information
Pre-crack Date: 7/18/13 
Hole Dia.: 0.159 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0264 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 10 717 37.5
2 15 1392 24
3 18 679 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1059
35584 37.5 10 0.1224
58294 30 10 0.1376
94920 24 15 0.1529
129022 19.2 15 0.1607
193587 15.4 18 0.1687
Experiment Information
Exp. Date: SwRI 01/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. B Loading Rate: 100 kip/s Hole Dia.: 0.252 in.
Max Stress (Sp. B): 21.953 ksi Surface Crack: 0.046 in. Bore Crack: 0.075 in.
Experiment Run Data
Crack Length (in.)
Spectrum EFH Front Bore Back Comments

















B 1189659.12 0.117 0.098
1223881.49 0.120 0.103
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GT270KB003-13-30 Fatigue Crack Growth Data Sheet
Width: 4.003 in. Thick: 0.123 in. Area: 0.492 in
Pre-crack Information
Pre-crack Date: 7/22/13 
Hole Dia.: 0.158 in.
Loading Condition: Constant Amplitude R=0.05 
Surface EDM: 0.0250 in.
Pre-crack Tuning Data
Tuning Step Frequency (Hz) Tuning Cycles Max Stress (ksi)
1 10 396 37.5
2 15 715 24
3 18 8410 15.4
Pre-crack Run Data
Cycles Stress (ksi) Frequency (Hz) Crack Length (in.)
0 0 0 0.1040
45131 37.5 10 0.1205
67917 30 10 0.1349
110346 24 15 0.1533
135828 19.2 15 0.1596
188058 15.4 18 0.1671
Experiment Information
Exp. Date: SwRI 01/14 Loading Condition: Variable Amplitude
Exp. Type: Spec. B Loading Rate: 100kip/s Hole Dia.: 0.251 in.
Max Stress (Sp. B): 21.953 ksi Surface Crack: 0.045 in. Bore Crack: 0.079 in.
Experiment Run Data
Crack Length (in.)
Spectrum EFH Front Bore Back Comments
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Figure 58 GT270-1 Crack Growth Data
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Figure 66 GT270-29 Crack Growth Data
0.12
0.1




















► ♦  ♦
♦  ♦ A
A
A
0.0E+00 2.0E+05 4.0E+05 6.0E+05 8.0E+05 1.0E+06
EFH
Figure 67 GT270-30 Crack Growth Data
APPENDIX I
ADDITIONAL SEM IMAGES OF TEST SPECIMEN FRACTURE
SURFACES
150
Figure 08 GT270-7 100x Image of the Precrack Load Steps
Figure 09 GT270-7 800x Image of Multiple Crack Formations
157
Figure 70 GT270-7 40x Image of Secondary Cracks Near End of Fatigue Crack
Figure 71 GT270-28 2,000x Precrack Surface Image
158
Figure 73 GT270-28 500x End of Fatigue Crack Image
159
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Figure 74 GT270-6 100x Image of Precrack to Spectrum A Transition
Figure 75 View of GT270-6 Transitions
160
Figure 76 500x View of GT270-6 Transition from Spectrum A to B




Figure 78 GT270-6 3,500x Image of Spectrum A to B Transition
Figure 79 GT270-9 500x Precrack to Spectrum A Transition
162
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Figure 80 GT270-9 2,500x Image of Spectrum A Striations
Figure 81 View of GT270-9 Transitions
163
Figure 83 400x View of GT270-9 Transition from Spectrum A to B
104
Figure 84 GT270-14 500x Image of Crack Nucleation Site
Figure 85 View of GT270-14 Transitions
165
Figure 86 GT270-14 60x Image of Crack Surface Midway Through Thickness
Figure 87 300x End of GT270-14 Fatigue Crack Image
166
Figure 88 GT270-14 1,000x Image of Spectrum A to B Transition
14-Feb-14 AF-3 WD 9.9mm 15. OkV°xl !5°k° °2°0um
Figure 89 GT270-14 1,500x Image of Spectrum B Striations.
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